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Zusammenfassung:
Reaktionsmikroskope ermo¨glichen die kinematisch vollsta¨ndige Erfassung von atomaren
und molekularen Fragmentationsprozessen. Wurden bisher u¨berwiegend U¨berschall-Gas-
strahlen zur Erzeugung ultrakalter Target-Atome verwendet, kombiniert die im Rahmen
dieser Arbeit entwickelte Apparatur erstmalig das Prinzip des Reaktionsmikroskops mit
einer magneto-optischen Falle. Diese ermo¨glicht die Pra¨paration von Lithium-Atomen mit
Temperaturen im sub-mK-Bereich. Lithium ist auf Grund seiner einfachen atomaren Struk-
tur mit nur drei Elektronen als Modellsystem fu¨r verschiedenste Arten von Ionisations-
prozessen von besonderem Interesse. Um die Impulsbestimmung der geladenen Fragmente
nicht durch das magnetische Feld der Atomfalle zu beeintra¨chtigen, wird die Falle selbst in
einem gepulsten Modus bei einer Schaltrate bis zu 300 Hz betrieben. Hieraus resultieren
feldfreie Bedingungen wa¨hrend der Detektionsphasen, gleichzeitig gewa¨hrleistet dies eine
effiziente Nutzung der gespeicherten Atome. Mit der neuartigen Apparatur steht nun ein
universelles Target zur Untersuchung der Ionisation von Lithium durch Elektronen- und
Ionenstoss sowie der Photoionisation zur Verfu¨gung. Erstmalig wurde die Multiphotonioni-
sation von Lithium in intensiven Laserfeldern mit Pulsdauern von 25 fs und Spitzeninten-
sita¨ten zwischen 1011 W/cm2 und 1016 W/cm2 impulsaufgelo¨st vermessen. Dabei zeigten
sich unerwartete Strukturen in den Photoelektronenspektren, wie z.B. eine bevorzugte
Emission senkrecht zur Polarisationsachse des Lichtfeldes, welche derzeit noch nicht voll-
sta¨ndig verstanden sind. Entsprechende Rechnungen sind bei mehreren Theoriegruppen in
Arbeit.
Abstract:
Reaction microscopes enable kinematically complete measurements of atomic and molecu-
lar fragmentation. An ultracold atomic target is usually provided by a supersonic gas jet.
The apparatus developed in the course of this thesis for the first time combines the princi-
ple of the reaction microscope with a magneto-optical trap. This allows for the preparation
of lithium atoms in the sub-mK range. Being a three-electron system, its simple atomic
structure makes lithium a model system of great topical interest for all kinds of ionization
reactions. In order not to deteriorate the determination of the momenta of the charged
fragments by the magnetic field of the trap, a pulsed mode of operation is adopted, cre-
ating field-free conditions during data acquisition and making efficient use of the stored
target. The novel apparatus provides a versatile target for investigations on fragmentation
of lithium by electron, ion and photon impact. For the first time, momentum-resolved mea-
surements on multiphoton ionization in intense laser fields with pulse durations of 25 fs and
peak intensities in the range between 1011 W/cm2 and 1016 W/cm2 were performed. The
acquired photoelectron spectra exhibit unexpected structures such as a preferred emission
in the direction perpendicular to the laser polarization axis, which are not fully understood
yet. Presently, corresponding calculations are being done in several theory groups.
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Atoms, molecules and ions are the basic building blocks of all complex structures in the
universe and the understanding of their structure and the dynamics of their interaction is
of fundamental relevance not only in physics, but also in chemistry, biology, astronomy,
medicine and material science and a scientific treatment of many systems on a quantum
physical level is becoming of increasing importance. There has been a tremendous progress
in both the theoretical description and experimental determination and verification of the
properties of stationary quantum systems, i.e. atoms, ions and molecules in terms of their
energy levels and wave functions. On the experimental side, there is a continued devel-
opment in spectroscopic tools and techniques. This concerns radiation sources, as well as
methods of preparation of atoms, ions and molecules for precision spectroscopy and means
of detection.
State-of-the-art atomic structure calculations, incorporating quantum-electrodynamic ef-
fects, can in many cases match the degree of precision of the most refined measurements,
as impressively demonstrated by experimental determination [Fis04] and theoretical pre-
diction of the 1s–2s transition energy of the hydrogen atom [Jen05].
For the dynamics of interacting quantum systems at the most basic level, the picture looks
quite different. As yet, there is no unified theoretical approach to describe real few-body
time-dependent quantum systems, such as single or double ionization of a multi-electron
atom by charged particle impact. Even today, in times of almost ubiquitous availability of
computing power, a brute force approach to a numerical solution of the full multidimen-
sional Schro¨dinger equation (for the simplest non-relativistic case) is still beyond present
day’s computing capacities. Most of the calculational techniques rely on an approximative
treatment of the system under consideration, making them applicable only under certain
conditions, such as a particular range of impact energies or collision geometries. It was
not until 1999, when it was claimed, that an exact description of the most fundamental
three-body Coulomb problem, the ionization of a hydrogen atom by an electron ’has been
reduced to practical computation’ [Res99]. It shall be noted here, that despite all the
difficulties to find an adequate theoretical description within the framework of quantum
mechanics, many of the processes and fragmentation channels can be cast into appealingly
intuitive and simple mechanistic pictures, which greatly facilitate their identification and
the interpretation of experimental data.
For a thorough understanding of atomic reactions and the development and benchmarking
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of theories with high predictive power, high quality experimental data are indispensable. A
complete mapping of an atomic or molecular fragmentation process requires knowledge of
the initial state and the registration of the complete final state. Most experiments devoted
to atomic fragmentation were only capable of covering a small selected fraction of the final
state phase space and/or integrated over large parts of it, be it by detecting only one
particle out of three or detecting only the energy or direction of emission. One exception
were the so called (e,2e) experiments which were performed starting from 1969 [Ehr69], in
which single ionization of atoms and molecules was studied in a kinematically complete
way for the first time. This was achieved by detection of both final state electrons in
coincidence by electrostatic spectrometers. Nevertheless, the phase space acceptance was
rather limited and the technique was applicable to processes with large cross sections only.
A big leap forward was made with the invention of the ’reaction microscope’ in 1994 by
Ullrich and Moshammer [Mos94], [Mos96], [Ull03a]: Combining a recoil-ion momentum
spectrometer with momentum resolved electron detection and using appropriate guiding
fields, a solid angle acceptance of 4π for all low energetic target fragments can be achieved.
A well defined initial state is prepared by cooling the target atoms or molecules down to
the sub-K range in a supersonic gas jet (therefore the method is also called COLTRIMS for
COLd Target Recoil Ion Momentum Spectroscopy). Thus real ’momentum spectroscopy’,
i.e. the experimental determination of all observables of the quantum-mechanical process
and a mapping of the whole final state phase space, became feasible.
The possibility of measuring fully differential cross sections, preserving the information
on all correlations between the involved particles, has since been successfully applied to
many collision systems. Some of the most notable achievements shall be briefly men-
tioned: In ionizing collisions of fast ions (MeV/amu) with helium atoms, otherwise un-
measurably small relative projectile energy losses of ∆E/E ≈ 10−7 and scattering an-
gles in the µrad range could be reconstructed by the momentum balance of the collision
system [Mos94], [Ull03b]. Further fully differential studies in fast ion-helium collisions
revealed discrepancies with all existing theoretical treatments, uncovering subtle higher
order effects due to additional interaction of the projectile with the target core, not in-
cluded in state-of-the-art ion collision theories [Sch03].
It were reaction microscopes, that enabled the doubtless identification of the recollision
mechanism, where an electron ionized in an intense femtosecond laser pulse is driven back
to the parent ion by the electric field and knocks out a second electron, as the dominant
channel in double ionization in strong laser fields [Mos00], [Web00], [Feu01], [Rud04a]. The
application of reaction microscopes to atomic and molecular systems subjected to intense
laser fields culminated in a series of pump-probe experiments on H2 and D2, where tem-
poral evolution of the rovibrational wave-packet of the vibrationally excited D+2 molecule
could be mapped in real-time over hundreds of vibrational periods via Coulomb explosion
imaging [Erg05], [Aln05], [Erg06], [Che99].
The field of electron-atom collisions has likewise profited from application of advanced
multiparticle imaging techniques: In particular for the model system helium fully differ-
ential data sets of single ionization (e,2e) and double ionization (e,3e) have been acquired
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in the high energy impact regime at 1-2 keV [Dor02a], [Dor01], [Du¨r06c] as well as close
to ionization threshold [Du¨r06b], [Du¨r07], giving a complete picture of the correlated dy-
namics of the target- and projectile electrons as well as the ion in the three- and four-body
Coulomb continuum. These datasets represent an ultimate benchmark for recently devel-
oped theoretical descriptions and calculational methods of the most fundamental three-
and four-body quantum systems.
Other fields of atomic and molecular physics, where reaction microscopes have enabled
new insights into dynamics of basic quantum systems include the interaction of atoms
and small molecules with soft X-ray radiation from synchrotrons, as demonstrated with
helium [Spi95] or deuterium [Web06]. Recently a new line of experiments has been
launched [Mos07], employing newest generation light sources such as the free electron
laser (FEL) FLASH in Hamburg, capable of delivering ultrashort (30 fs) and ultraintense
(>1013 W/cm2) coherent pulses of soft X-ray photons, opening the door to a completely
new terrain of light-matter interaction studies.
There is another domain of atomic physics, that has revolutionized and rejuvenated atomic
physics during the last two decades which is the field of laser cooling of neutral atoms
and ultracold atomic gases. The idea of actively cooling an atomic gas by scattering of
near resonant laser light was proposed in 1975 by Ha¨nsch and Schawlow [Ha¨n75]. First
demonstrations of this application of laser light were performed in form of experiments
where sodium atomic beams could be slowed down and cooled to almost zero veloci-
ties [Bal79], [Ert85], [Ste86] by a counterpropagating laser beam. In 1985 Chu et al.
succeeded in employing the light forces for three-dimensional confinement of slow atoms,
first in an three-dimensional optical molasses (acting only in velocity space), later posi-
tion dependent restoring forces were added to bring about real spatial confinement with
long storage times. This was accomplished by trapping the molasses-cooled atoms in the
focus of a far red detuned laser beam [Chu86] by means of the optically induced dipole
force [Gri00]. Raab et al. relized a spatial confinement by adding a magnetic field gra-
dient to invoke a position-dependent light scattering force via the Zeeman effect [Raa87].
This type of trap became known as the magneto-optical trap, or shortly MOT, which can
accumulate between 106 and 1010 atoms at temperatures of typically 100 µK.
Quickly the magneto-optical trap evolved into a standard tool of atomic physics and quan-
tum optics, e.g. for precision spectroscopy, atomic clocks [Kas89] and the study of cold
collisions [Wal94b]. Its implementation and the theoretical description of the subtle cool-
ing effects taking place in an optical molasses [Dal89] was rewarded with a nobel-prize for
S. Chu, W. Phillips and C. Cohen-Tannoudji in 1997.
The perhaps greatest relevance of magneto-optical trapping for modern physics lies in the
fact, that magneto-optical traps are an essential step and indispensable pre-stage in the
preparation of degenrate quantum gases, which has become a rapidly growing field since
the mid-nineties of the last century, when two research groups achieved Bose-Einstein
condensation (BEC) of magnetically trapped sodium atoms independently at almost the
same time in 1995 [And95], [Dav95], resulting in a nobel prize awarded to C. Wieman
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and E. Cornell and to W. Ketterle in 2001. We only want to briefly list some high-
lights out of the broad range of cold atom based research. These include nonlinear atom
optics with coherent matter waves like the atom laser [Ino99], [Blo99] and four wave mix-
ing [Den99], or the observation of condensed-matter phenomena in quantum state prepared
Bose- and Fermi-gases in optical lattices, such as Bloch-oscillations [Dah96] and quantum
phase transitions [Gre02]. Newest developments are the production of molecular Bose-
Einstein condensates [Don02], [Her03] and the recent successes to exploit the tunability
of the two-body interaction strength between ultracold atoms to probe the BEC-BCS
crossover regime [Bar04] or to create peculiar bound states between atoms like Efimov
trimers [Kra06].
The magneto-optical trap also found applications in scattering experiments, since it pro-
vides a well characterizable ensemble of target atoms, in terms of its atom number, den-
sity, its quantum state and its internal temperature. One method to measure absolute
ionization cross sections is irradiating the MOT-target with a projectile beam and to mea-
sure the ionization induced loss of atoms by monitoring the fluorescence emitted by the
laser trapped atoms. Such measurements have been performed for electron impact ion-
ization, e.g. on rubidium [Sch96], [Kee00], cesium [Mac02] and lithium and metastable
neon [Uhl05], and for photoionization (Rb: [Din92], Cs: [Mar98]).
Exploiting its main benefit, the intrinsically low temperature, a MOT lends itself as a tar-
get for high resolution momentum spectroscopy. This was demonstrated in the pioneering
experiment by Wolf and Helm, who performed time-of-flight spectroscopy with recoil-ions
from multiphoton ionization of atoms in a rubidium MOT of 300 µK temperature with an
energy resolution of 1 µeV [Wol97], [Wol00]. Since then, alkaline metal MOTs have be-
come particularly popular for kinematically complete experiments on charge transfer and
electron capture reactions between the neutral laser-cooled atoms and slow ions. Since
in charge transfer reactions there are only two particles in the final state – the scattered
projectile and the residual target ion, whose initial state has been well prepared – it is
sufficient to detect the recoiling target ion in order to obtain the complete kinematics of
the reaction. Studies have been performed e.g. with sodium [Tur01], [Poe01] and rubid-
ium [Bre03], where Flechard et al. claim a momentum resolution of 0.03 a.u., meaning the
velocity of the recoiling Rb+ has been measured with an accuracy better than 1m/s [Fle01].
Being a variation on the COLTRIMS theme, this method was named MOTRIMS.
Taking the next step in development, the work presented in this thesis aims to study ion-
ization reactions involving ultracold atoms, where ions and ejected electrons have to be
detected in coincidence. Therefore the technically challenging task to combine for the first
time modern optical target cooling and trapping methods in form of a magneto-optical
trap with most-advanced multi-particle imaging technologies (reaction microscope), allow-
ing for the coincident detection of the recoil-ion as well as the electron from ionization of
an ultracold lithium target. The goal was, to develop a versatile apparatus, that would
be equally suitable for fully differential measurements involving all kinds of projectiles,
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namely electrons, photons and ions, with unprecedented momentum resolution. Besides,
a MOT-target offers the intriguing possibility of further manipulation of the atoms and
the preparation of specific target states, such as highly excited states or the population of
specific angular momentum states by optical pumping.
The element of choice is lithium. Being a three-electron system, it forms the next step in
complexity after helium. Its loosely bound outer electron and deeply bound closed inner
shell makes it a qualitatively completely different target as compared to the noble gases,
which have so far been used in fully differential investigations of ionization reactions with
reaction microscopes. Though its preparation in a MOT is aﬄicted with more experimen-
tal hardships than for example rubidium or cesium, lithium has more advantages at hand:
It enables a better momentum resolution than the heavier alkaline metals due to its low
mass (7 amu), meaning, when cooled to the same temperature, it will have a momentum
3.5 times lower than a rubidium atom. Furthermore, if stripped of one or two of its elec-
trons, its ionic core will find itself in a helium-like or hydrogen-like configuration, two well
known model systems of atomic physics, which greatly simplifies theoretical treatment. In
triple ionization finally, a structureless nucleus is left behind, so there are no excitations or
correlations of electrons in deeper shells which could complicate the analysis of the process.
Therefore, it is not surprising, that, with advances in theoretical modeling, lithium has
attracted considerable attention from theorists. There are numerous approaches to tackle
the problem of triple electron ejection from lithium, including large scale numerical cal-
culations [Col04], [Col06], so-called half collision models [Pat01] and quasiclassical Monte
Carlo trajectory simulations [Emm06b], [Emm06a]. It is therefore destined, to become a
benchmark atomic system of the future, as helium is now [Col01].
In the course of this thesis, a novel apparatus has been designed, built and taken into
operation virtually from scratch, combining the basically incompatible techniques of the
reaction microscope and the magneto-optical trap. The principle of the magneto-optical
trap relies on the application of a strong magnetic gradient field to the atomic sample in
the presence of the laser field. Since this is in conflict with the requirements of electron
momentum spectroscopy, which demands an extraction field of excellent homogeneity and
stability, the atoms cannot be held trapped, when charged particles are to be detected: The
gradient field of the MOT would severely distort their trajectories and render reconstruc-
tion of the momentum vectors impossible. To overcome this problem, the trap is operated
in a pulsed fashion, where the cold atoms are subsequently released from the trap, leaving
a short field free period in the range of milliseconds for charged particle detection and then
recaptured to cool and recompress the atomic cloud for the next projectile shots. From
the technical side this required, that the design of both the apparatus of the MOT and the
reaction microscope had to be adapted to each other without compromising performance
or operability.
The realization of the experimental setup comprised the design and implementation of all
the essential components of a reaction microscope, such as a combined electron and ion
spectrometer and position-sensitive detectors. The magneto-optical trap made the devel-
5
Introduction and motivation
opment of a diode laser-based laser system suitable for laser cooling of lithium necessary,
since at the time the project was started, no high power semiconductor laser sources were
available at the wavelength of the lithium cooling transition. Other key building blocks
included a slow atomic beam source for loading the trap, a viable switching circuitry for
pulsed MOT-operation and a computer based control and data acquisition system.
After succesfull comissioning, a first measurement on multiphoton ionization of lithium in
intense laser pulses of femtoseconds duration and intensities up to the Petawatt range was
conducted, in order to shed light on the different characteristics with respect to ionizaton
between our alkali target and the extensively studied rare gases. Indeed a qualitatively
completely different signature is observed in the spectra. To our knowledge only two
measurements on alkali atoms (namely cesium) at comparable peak intensities and pulse
durations have been conducted so far [Nic92], [Dru95], actually more than ten years ago.
Thus our efforts should help to shift the attention to this class of targets again, given
the fact that now advanced means for the acquisition of fully differential cross sections
with unsurpassed momentum and energy resolution are at hand. The obtained results
have also brought this topic to the attention of theorists and have triggered a series of
calculations. Further measurements to confirm our results and eludicate the mechanisms
and dynamics of the ionizaton process, also at other wavelengths than the previously used
800 nm radiation from a titanium-sapphire laser, are presently under way.
This thesis is organized as follows: Chapter one introduces the reader to the phenomena
and theoretical basics of multiphoton ionization, while the second chapter reviews the
principles of laser cooling and trapping of neutral atoms, and the properties of lithium
specific to laser cooling. The third chapter is dedicated to the experimental setup, starting
with the concept of the reaction microscope and the implications of combining it with a
magneto-optical trap. Detailed information about the numerous different components of
the setup is given in the following. Chapter four reviews measurements on the lithium
MOT in view of its properties as a target for ionization experiments. Particularly the
response of the trapped atoms to the rapidly switched magnetic field of the trap is studied
in detail. Chapter five finally presents results of the first experiment on multiphoton
ionization of lithium in intense laser fields. Starting with a description of the experimental
procedure and conditions, the properties of lithium in the context of multiphoton ionization
and the implications of using a MOT-target are discussed. The results of the measurements
are critically analyzed and compared to first theoretical calculations. This work finishes




Basics of Multiphoton Ionization
This chapter aims at introducing the reader to the variety of phenomena encountered in
ionization of atoms by intense light fields. Progress in laser technology has steadily made
new regimes of intensity, frequency and pulse length accessible to science and application.
In the field of atomic physics, this has led to ever new insights into the ionization dynamics
of an atom subjected to strong laser pulses which goes far beyond the simple ejection of
an electron.
1.1 Mechanisms of Multiphoton Ionization
It is a commonly known textbook fact, that the ejection of an electron from its bound
state, say, in an atom or a solid, by a photon into the continuum can only occur, if
the energy of the incident photon is larger than the binding energy of the electron. At
sufficiently high photon flux densities, however, there is an increasing probability for a
simultaneous absorption of two or even more photons by the atom. If the total energy of
these n absorbed photons is higher than the ionization potential IP, the atom A is ionized
by the light field, whose single photon energy ~ω is much less than the ionization potential:
A+ n · ~ω −→ A+ + e. (1.1)
In the case of a free atom, as encountered in the usual experimental situation, it follows
from momentum conservation between the residual ion and the photoelectron, that the
latter carries away all but a tiny fraction of less than 1/2000 of the excess energy
Eex = n · ~ω − IP. (1.2)
Basically two regimes of multiphoton ionization are commonly distinguished: At low in-
tensities, the light field represents only a small perturbation of the atomic system and
the transition of an electron from the ground state to the continuum can be reasonably
described by the common perturbative approach in terms of time-dependent perturbation
theory. Going to higher intensities, the atomic structure becomes more strongly affected
and a pertubative treatment will run into difficulties [Pro96]. However, as long as the
7
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Figure 1.1: Multiphoton and tunneling ionization: At low field intensities or high photon energies / field
frequencies, the ionization process proceeds through absorption of several photons. In intense laser fields
with field strength close to the effective field of the nucleus, the coulomb potential is tilted by the light
field. A finite potential barrier is created, through which the electron wave packet leaks out, analogous to
DC-field ionization. IP refers to the binding energy of the electron in the unperturbed atomic system.
ionization processes can be at least phenomenologically described by the absorption of n
photons by discrete bound states, they are subsumed under the label multiphoton ion-
ization (MPI). At the extremely high photon flux densities (or intensities) achievable by
modern pulsed laser sources, the electric field strength of the light field becomes com-
parable in magnitude to the field the outer electrons experience in the atomic potential.
If one adopts a classical field perspective on the laser field, the atomic potential well is
strongly deformed by the laser’s electric field, and at sufficiently high field strength, a
finite potential barrier is created, through which the electron can tunnel out. If the field
frequency is low compared to the classical frequency of the bound electron’s motion, the
ionization probability is greatly enhanced by this process, which is called tunneling or
tunneling ionization (TI).
Both regimes are distinguished by the so-called adiabaticity- or Keldysh parameter γ,












The ponderomotive potential Up is the time averaged kinetic energy (quiver energy) of
a free electron oscillating back and forth in the driving laser field and contains the char-
acteristic parameters of the laser field, namely the peak field strength F/intensity I and
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Here, atomic units have been employed (me=1, qe=e=1, c=1, ~=1). If the intensity is
specified in W/cm2 and the frequency of the laser field in terms of the wavelength λ in
µm, one gets for the ponderomotive energy in eV:
Up = 9.33 × 10−14I[W/cm2]λ2[µm]. (1.6)
1.1.1 Free Electrons in a Laser Field
In the interpretation of the physics taking place in multiphoton ionization at high inten-
sities, not only the reaction of the bound system to the field has to be taken into account,
the response of the ionized charged particles to the external field is of equally decisive
importance. To clarify this, it is instructive, to inspect the classical equation of motion of
an electron in a laser field. A charged particle of mass m in a time-varying electric field





The electric field E(t) of a laser pulse with a carrier frequency ω and peak field strength
F0 can be described by the expression
E(t) = F (t) · sin(ωt) = F0 · f(t) · sin(ωt), (1.8)
where f(t) is the envelope of the pulse, which is assumed to vary slowly compared to the
time scale of an optical cycle. With this prerequisite the velocity x˙ and position x of an
electron ionized at instant t0 (or in a field of constant amplitude F0) are given by
x˙(t) = v0 − qmωF0(cos(ωt)− cos(ωt0)) (1.9)
x(t) = x0 + (v0 +
q
mωF0 cos(ωt0))(t− t0)− qmω2F0(sin(ωt)− sin(ωt0)), (1.10)
where x0, v0 are the initial position and velocity of the electron, respectively.
From (1.10) it can be seen, that x˙(t) is the sum of three contributions, the initial velocity
v0, an additional drift velocity dependent on the phase of the field at time t0 and an
oscillatory motion with frequency ω, the quiver motion of the particle. The kinetic energy































The first term is the initial kinetic energy of the particle, while the phase-independent
second term in (1.5) stems from the quiver motion and represents the ponderomotive
9
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potential Up introduced in (1.5). The phase-dependent third term maps the drift energy
of the particle gained in the laser field, the fourth term is called the cross term.








Expressing the above equations in atomic units and regarding only electrons, reproduces
equation (1.5), Up=F0(t0)
2/(4ω2). We rewrite (1.12) in terms of Up:




where T0 is the initial energy of the electron, e.g. the excess energy gained from the
ionization process.
Equation (1.14) tells us a lot about what information can be extracted from the registration
of the energies of ionized electrons: At low intensities, the ponderomotive potential will
be small compared to the excess energy of the photoionization which is on the order of the
photon energy, and the electron energy will carry information about the atomic energy
levels and the number of photons involved in the process.
In strong laser fields with peak intensities beyond 1014 W/cm2, Up reaches values of several
10 eV and more, easily exceeding T0, so that it becomes negligible and the energy of the
detected electron will depend on the phase and intensity of the laser field at the time it
was liberated.
Short Pulses vs. Long Pulses
Since the ponderomotive potential is linear in the instantaneous intensity I(t), it varies
with the envelope of the pulse. The laser field is not only inhomogeneous in time, but also
in space, to achieve reasonably high intensities, strongly focused laser beams with typical
waist radii on the order of 10 µm have to be used. Thus a spatially varying effective
potential Up(r, t) is created. A ’long’ pulse of 100 ps duration will not considerably change
in intensity on the timescale of the electron’s motion out of the focus due to the gradient
force Fp=∇Up, and the electron will have time to surf down the edge of the focus and
convert its initial ponderomotive energy to kinetic energy. Thus, the maximum electron
energy in the long pulse limit is 3Up. In femtosecond laser pulses of 100 fs and less
duration, the intensity will level off, before the electron has changed its position, so Up is
not a conservative potential any more and the ponderomotive term of (1.14) approaches
zero, leading to a maximum electron energy in the short pulse limit of 2Up.
In the high intensity regime, the repulsion of the photoelectrons from the laser focus
leads to a severe distortion of the electron’s angular emission pattern [Fre86], because
the detected final state of the electrons now depends not only on their initial energy
and the time they were created, but also on their source point within the focus and the
spatial intensity distribution, so it is desirable to perform angle or momentum resolved
experiments in the short pulse domain.
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Figure 1.2: In the long pulse regime (left), the pulse is quasi-static with respect to the electron’s motion
in the ponderomotive potential of the laser focus. In the short pulse regime (right), the intensity reduces
to almost zero before the electron has significantly moved out of the focus.
In the short pulse regime, ponderomotive scattering plays no role and the observed electron
energies faithfully map the kinetic energy of the photoelectrons at the time they were
separated from their parent ion. If instead of the electrons the recoil-ions are detected (as
in our experiment), ponderomotive effects on the ions’ momenta can be neglected, as their
Up is some 10
4 times weaker due to their large mass. The same information is retrieved
by both methods, since the electron can only gain its drift momentum in the presence of
the residual ion as a collision partner for momentum conservation.
1.1.2 Multiphoton Ionization





with k being the number of absorbed photons needed in the ionization process under
consideration and Φ the photon flux. σk and κk are generalized cross section of dimension
[σk]=cm
2ksk−1 and [κk]=W
−kcm2ks−1. k is called the order of nonlinearity.
The generalized cross section can be derived from time-dependent perturbation theory
(e.g. by the evolution operator expansion method) and formulated in terms of a n-th
11
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Figure 1.3: Photoionization of an atom:a) Single photon ionization (photo effect); b) Non-resonant
multiphoton ionization (NRMPI or simply MPI); c) Resonance enhanced multiphoton ionization (REMPI).














| 〈f |µˆ|kn−1〉〈kn−1|µˆ|kn−2〉...〈k2|µˆ|k1〉〈k1|µˆ|i〉(∆Ekn−1,f−(n−1)~ω+ı~Γ/2)...(∆Ek2,k1−2~ω+ı~Γ/2)(∆Ek1 ,i−~ω+ı~Γ/2) |
2. (1.16)
This matrix element consists of the sum of products of dipole matrix elements, weighted
with the detunings (∆Ej,k − m · ~ω) of m-photon resonances, with Ej,k as the energy
differences between states |j〉 and |k〉. These are the energy denominators known from
perturbation theory. µˆ is the electric dipole operator. The summations are carried out
over the complete set of basis states, i.e. extended over all bound and continuum states.
In order to prevent an energy denominator from diverging in the case of an interme-
diate m-photon resonance, a damping term ı~Γ/2 is added, often on phenomenological
grounds [Beb66]. The rate Γ can account for the lifetime of the intermediate state and the
linewidth of the transition, respectively or other effects leading to line broadening, such
as a possible AC-Stark shift, and a finite bandwidth of the driving field [Del99]. For an
accurate treatment of the near resonant case, higher order terms of the evolution operator
expansion have to be taken into account [Mor76]. This indicates, that the occurrence of
such intermediate resonances strongly modifies the multiphoton ionization cross section:
Basically two mechanisms of multiphoton ionization are distinguished, non-resonant mul-
tiphoton ionization (NRMPI) and resonance-enhanced multiphoton ionization (REMPI):
In a REMPI-process (Figure 1.3 c)), an intermediate atomic level is (near-) resonantly
excited by a m-photon transition from the ground-state and strongly populated. This
excited state is then ionized by subsequent absorption of n further photons, wheras in the
case of NRMPI no such resonance occurs (Figure 1.3 b)):
A+m · ~ω → A∗
A∗ +m · ~ω → A+ + e. (1.17)
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Since the net-number of photons needed to ionize from the excited state A∗ is less than
that for a direct transition from the ground state to the continuum, the ionization rate
is greatly enhanced by the occurrence of such intermediate m-photon resonances. In the
example of Figure 1.3, the four-photon transition of the non-resonant case is replaced by
a resonant two-photon excitation, followed by two-photon ionization. In many cases, the
resonant state is a high lying state (Rydberg state) so that the number of photons m
absorbed to reach this state is higher than the number of photons n needed to ionize from
there [Sch98b]. In this case, the process can be regarded as a n-th order process followed
by a m-th order process (where m is often one) and its probability is much larger than
the probability for the direct process in the non-resonant case [Mor76].
Consequently the multiphoton cross section exhibit a strong dependence on the photon
energy and, for high intensities (> 109 W/cm2), on the intensity itself, because AC-Stark
shifted intermediate atomic levels can become resonant with the driving field for a certain
intensity [Cam89].
1.1.3 Above-Threshold Ionization
Figure 1.4: a) Above threshold ionization (ATI); b) Resonance enhancement of ionization at high laser
intensities: An initially non-resonant intermediate state is shifted into resonance in the course of the laser
pulse due to the intensity dependent AC-Stark shift (Section 1.1.4).
At sufficiently high intensities, a bound electron can absorb more photons, than the n ones
necessary to reach the continuum. This effect was first observed in 1979 by Agostini et al.
[Ago79] in 6-photon ionization of xenon at an intensity of 8·1012 W/cm2 with laser pulses
of 10 ns duration (deeply in the long pulse regime). These experimental results were rather
surprising, since a free electron cannot gain asymptotic energy by absorption of photons
from an oscillating light field alone (as discussed in section 1.1.1). It is the presence of the
Coulomb field of the still nearby ion, that enables the absorption of additional photons by
the continuum electrons. Experimentally, a second peak in the electron energy spectrum
besides the expected one produced by 6-photon absorption, shifted by one photon-energy
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was found, which was attributed to the absorption of a 7th photon. For higher intensities,
whole series of equidistant electron peaks have been observed. This phenomenon is called
Above-Threshold Ionization (ATI). Consequently, the electron energy of an ATI-peak of
order s is
EsATI = n · ~ω + s · ~ω − IP− Up, (1.18)
where n is the threshold number of photons to ionize the atom. The ponderomotive
potential has been included into the above equation, because at the intensities where
higher-order ATI becomes observable, the ponderomotive potential attains the same order
of magnitude as the electron- and photon energy (see below). In experiments with long
pulses, the Up-term of (1.18) reduces to zero, because the photoelectrons regain this energy
on their way out of the laser focus, so the ponderomotive shift of the ionization potential
was not directly visible in these experiments. Instead, a long pulse ATI spectrum consists
of a series of peaks, spaced by the photon energy. The number of photons absorbed is
directly inferred from the energy of the peaks (see Figure 1.5). A perturbative treatment
of ATI predicted a power law analog to equation (1.15) [Gon80] to describe the relative
peak heights of the individual ATI-peaks,
Γn+s ∝ In+s, (1.19)
which was confirmed experimentally by Fabre et al. [Fab82]. With increasing availability
of high intensity laser pulses approaching peak intensities of 1014 W/cm2, soon deviations
from the expected form of the spectra were observed, such as a strong suppression of the
n-photon peak compared to the (n+1)-photon peak [Kru83]. It was soon clarified, that the
intensity dependent effects of the ponderomotive potential have to be taken into account
in the interpretation of the experimental data [Mul83].
1.1.4 Ponderomotive Shift and Dynamical Resonances
At higher intensities the atomic level structure and the ionization process becomes in-
creasingly influenced by the laser field: As discussed above, the ponderomotive energy Up
represents the energy of a free electron in the presence of a laser field. If an electron is to
be promoted to the continuum, this additional energy has to be provided by the absorption
of photons, leading to an modified, effective ionization potential IP∗:
IP∗ = IP + Up. (1.20)
Consequently the energy of a photoelectron Eex = n · ~ω − IP∗ now does not only depend
on the initial state and the number of photons absorbed, but also on the intensity at the in-
stant it was produced. As stated in Section 1.1.3, the ponderomotive shift of the ionization
threshold is not directly visible in electron energy spectra recorded with long laser pulses,
but modifies the relative intensity of the individual ATI-peaks by the effects of channel
opening and channel closing. The left hand side of Figure 1.5 shows a schematic of above-
threshold ionization of xenon by 1064 nm laser light (1.165 eV photons), together with
14
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Figure 1.5: Illustration of the effect of channel closing and channel opening on ATI-spectra: The 11- and
12-photon peak are strongly suppressed in the ATI-spectrum on the left hand side (from [Fre86]) since
11- and 12-photon ionization can only take place at the leading and trailing edge of the pulse due to the
ponderomotive shift of the continuum.
an electron energy spectrum taken at a peak intensity of 2 · 1013 W/cm2 (from [Fre86]).
The 11-photon MPI-peak (label S0) and the first ATI peak (S1) are strongly suppressed,
while the 13-photon peak (S2) and higher order peaks dominate the spectrum. The left
hand side of Figure 1.5 maps the temporal variation of the effective ionization potential
IP∗ which is proportional to the instantaneous intensity of the laser pulse I(t). Due to the
increase of the ionization threshold, ionization by 11-photon absorption is only possible at
the leading and trailing edge of the pulse. When IP∗ reaches the 11-photon energy, the
11-photon channel closes, and ionization can only occur by absorption of 12 or more pho-
tons. At the peak intensity, the 12-photon channel is energetically forbidden as well, and
for the time the intensity remains close to the peak value, only ionization by 13 or more
photons takes place. Since the ionization rate increases strongly with intensity, it is not
surprising, that the pulse-integrated ion yield from the 13-photon process supercedes that
of the 11-photon process: Albeit the 11-photon ionization rate is higher at the same inten-
sity, it contributes only during periods, where the laser intensity is just a small fraction of
the maximum intensity. A more thorough treatment of the distribution of photoelectrons
over the different ionization channels, needs to take into account the spatial structure of
the laser focus: For example, in an outer volume shell of the focal volume, the intensity
never reaches the value to close, say, the 11-photon channel.
It is not only the continuum states, that are altered by high intensity laser fields, but
due to the interaction of the field-induced dipole moment with the field itself, the atomic
levels experience an intensity dependent shift as well. Compared to the low intensity case,
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Figure 1.6: Short pulse ATI-series from xenon at 6.2·W/cm2. The resonances repeat with the photon
energy of 2 eV and are labeled according to the resonant intermediate states (from [Mev93]).
resonance enhancement of certain ionization channels, is not only observed as a function
of photon energy, but as function of intensity as well.
Freeman Resonances
With progress in the generation of short laser pulses, it became possible to perform ATI-
experiments in the short-pulse regime. In this regime, the measured electron energies
correspond to those of the electron at the instant of ionization. By successively reducing
the pulse duration from 13 ps down to 400 fs and thus eliminating the influence of the
ponderomotive potential on the electron spectra, Freeman et al. found the individual ATI-
peaks to split up into series of narrow lines [Fre87]. These fine-strucured peaks appeared
repeatedly at positions separated by exactly one photon energy, which did not vary with
laser intensity or focus size (Fig. 1.6).
The structure of the observed spectra is well explained in a simple model, where at a par-
ticular intensity, an AC-Stark shifted high-lying atomic level becomes m-photon resonant
with the laser, leading to a strong enhancement of the ionization rate by 1-photon ioniza-
tion from this state. This has the consequence, that all high-intensity ionization processes
will exhibit some resonant contributions, though nominally non-resonant, when described
by the unperturbed levels of the atom. These resonances known as Freeman resonances.
Figure 1.7 schematically depicts the mechanism leading to the fine structure in short pulse
ATI. In this tentative explanation, one assumes, that the weakly bound Rydberg states
close to the continuum respond to the laser field almost as a free electron and their AC-
Stark shift will closely follow the threshold shift. The deeply bound ground states from
which the atom ionizes (and that of the residual ionic core), are much less affected by the
oscillating field, and the corresponding energy shift is usually neglected [Fre91], [Boe92].
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Figure 1.7: The origin of Freeman resonances. High lying excited states are resonantly populated at
certain intensities Ia,br and subsequently ionize from there. Since they experience the same ponderomotive
shift as the continuum, the detected electron energies depend only on the binding energy of these states.
The model of Figure 1.7 shows the energy dependence of two Rydberg states (designated
by a and b) on the field intensity. For certain intensities Iar and I
b
r , a m-photon resonance
between the ground state |g〉 and the states |a〉, |b〉 occurs, which in the following ionizes
by 1-photon absorption. The acquired electron drift energies Eael and E
b
el in the short pulse
limit are then given by
Eael = (m+ 1)~ω − IP∗(Iar ) = (m+ 1 + s)~ω − IP− Up(Iar )
Ebel = (m+ 1)~ω − IP∗(Ibr ) = (m+ 1 + s)~ω − IP− Up(Ibr ). (1.21)
The energy difference of the fine structure peaks within the same ATI-order s is just the
difference of the ponderomotive potentials ∆E = Up(I
b
r ) − Up(Iar ) at the respective res-
onance intensities. In contrast, for a long pulse, the Up terms on the right hand side
have to be added to the initial drift energies to reproduce the observable electron ener-
gies, obviously only the energy difference between different ATI-orders remains detectable.
AC-Stark Shift
The assumptions on the AC-Stark shift made above are supported by modeling the bound
states as an electron bound to the nucleus by a harmonic oscillator potential and eigen-
frequency ω0, where ~ω0 is the binding energy of the respective state. This model yields
the following estimate for the AC-Stark shift of a bound state U ′p [Ebe88]:
U ′p = Up
ω2
(ω − ω0)2 . (1.22)
Experimentally, the above assumptions have been confirmed for laser intensities up to
3 · 1013 W/cm2 (Up ≈1.5 eV) by measurements of the resonance energies in ATI of xenon,
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carried out at different intensities and wavelengths. They revealed linear shifts of the reso-
nant states with Stark coefficients αr (U
′
p=αrI) close to the ponderomotive value, even for
the low angular momentum 7p state. In contrast, the coefficients of the atomic and ionic
ground state (which partly cancel out) amount to just a tenth of the ponderomotive one.
A second-order perturbation theoretical calculation predicted the same linear behaviour
and was found to be in reasonable agreement with the experimental findings [Ago89].
A rigorous theoretical treatment, deriving the AC-Stark shift and the ponderomotive
potential from the Hamiltonian of a model atom in a classical radiation field is given
in [Pan86], [Mul93], where Pan et al. [Pan86] also provide a general motivation for the ob-
served behaviour in terms of two limiting cases of their second-order perturbation theory
expansion.
1.1.5 Tunneling Ionization
For the Keldysh parameter γ approaching unity, as is the case for high laser intensities
(or long wavelengths), the external field dominates the dynamics of the ionization process
through its modification of the atomic potential.
For a low adiabaticity parameter, the rate at which an electron bound by an ionization
potential IP tunnels through the potential barrier lowered by an electric field F (t) can
be calculated in the quasistatic limit, using an expression from DC-tunneling theory (ex-











This formula became widely known as the ADK-formula, named after the russian physicists
Ammosov, Krainov and Delone, who provided the first systematic theoretical treatment of
tunneling ionization in atomic systems. Substituting F (t) by F0 sin(ωt) and averaging over
the field period gives the tunneling rate at a particular intensity for a linearly polarized
laser field.
The longitudinal (i.e. along the direction of polarization) momentum-/energy distribution
is obtained by assuming that the electron emerges in the continuum with vanishing kinetic
energy and its dynamic is governed by the laser field. According to (1.14) the longitudinal
(drift) energy gained in the laser field depends on the phase φ0=ωt0 at which the electron
was born. Weighting the drift energy of phase φ0 with the instantaneous tunneling rate
given in (1.23) and integrating over all phases yields the momentum distribution. A
quantum mechanical calculation based on a theory for strong adiabatic perturbations gives
the same result [Del98]. Since the laser field per definition acts only on the longitudinal
degree of freedom, the (much narrower) distribution for the transversal momenta p⊥ is
determined by the tunneling process itself and is derived from the quantum mechanical
calculation [Del91]:
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Equation (1.24) is only an approximate expression, since the field strength F (t) has been
expanded to second order in time around its maximum value and the acceleration has been
linearized around the field maximum:
F0 cos(ωt) ≈ F0(1− 1
2
ω2t2); t ≈ p‖/F0. (1.25)
Therefore, the momentum distribution should match best for low energetic electrons pro-
duced near the field maximum, where the tunneling rate is highest. Features in the high
energy tail as the cut-off in electron energy at 2Up are not reproduced. According to this
expression, the spectrum in the tunneling regime obeys a smooth exponential distribution,
and no modulation or resonant features are to be expected. Surprisingly, high momen-
tum resolution measurements performed in our group, showed resonance-like structures at
intensities deep in the tunneling regime, whose origin is not clear yet [Rud04b].
Rescattering
Figure 1.8: Electron trajectories along the direction of laser polarization, depending on the phase of the
field ωt0 at the instant of ionization.
In spectra with a high dynamic range in count rate, a small fraction of photoelectrons
with energies beyond 2Up is observed, forming a ’plateau’ in the electron spectrum which
reaches up to energies of 10Up [Pau94b]. This observation is explained by the assumption,
that the ionized electron propagating in the laser field is driven back to the remnant ionic
core and is scattered elastically in the Coulomb potential of the ion, whereby it can acquire
additional drift momentum. This process is known as rescattering. The main features of
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this process could be understood by means of a simple mechanistic models based on the
classical motion of the electron in the laser field (the simple man’s model) [Pau94a], [Cor93].
Recalling equation (1.10), the position of an electron born at time t0 at x0=0 with a velocity









sin(ωt0) + (t0 − t) cos(ωt0)
)
. (1.26)
The first term describes the fast oscillation of the electron at the field frequency, the latter
ones the linear drift motion, which depends on the tunneling time t0.
Figure 1.8 shows electron trajectories for different instants of ionization t0 within the first
half cycle of the electric field. The corresponding trajectories for the second half cycle
are just mirrored at the x-axis. If the electron ionizes close to a zero crossing of the field
(ωt0 = 0, π/2, blue and violet curves), it acquires maximum drift energy. However, in
this case the ionization probability is close to zero, explaining the decrease of count rate
towards large longitudinal energies of 2Up.
An analysis of the solutions of the transcendental equation x(ωt, ωt0) = 0 defining the
times t1 at which the electron returns to the parent ion, shows that there are two classes
of trajectories: Some that have at least one return to the origin and such that never return.
All trajectories between the red (ωt0 = π/2) and the violet trajectory (ωt0 = π return
to the origin at least once. As seen from the diagram the velocity of the electron at the
return time ωt1 corresponds to the slope of the trajectory curves at the zero crossing.
Calculating the maximum kinetic energy T (t1) an electron can have on recollision with
the ion, yields a value of 3.17Up. This situation occurs for ionization times ωt0=108
◦close
to the maximum of the field. The corresponding return time ωt1 is close to 2π, i.e. to
a minimum of the field. On elastic backscattering under an angle of 180◦, the electron
now has an initial velocity when leaving the ion corresponding to 3.17Up in line with the
rising field and can gain additional drift momentum. According to (1.14), the maximum
detectable drift enegy in the short pulse regime after elastic rescattering is Tmax=10Up.
This is not the only implication of the possibility, that the laser-driven photoelectron may
return and interact with its parent ion after ionization. One is an enhancement of multiple
ionization due to excitation or impact ionization of the ion by the returning electron,
as discussed in section 1.1.7. The other is High Harmonic Generation (HHG) [Lew94],
which has developed into one of the most rapidly advancing field of contemprary physics,
culminating in the perspective to perform pump-probe studies on atomic systems with
coherent soft X-ray pulses of attosecond duration [Dre01], [Bal03]. When an intene laser
pulse is focused on a jet of noble gas atoms, higher order harmonics of the fundamental
frequency are created. The spectrum shows a plateau of lines with constant intensity,
which has a sharp cutoff [Fer88], [Li89], which was found to be
Ecutoff ≈ Ip + 3.17Up. (1.27)
This hints at a close connection between rescattering and HHG. In a most simple picture,
HHG can be viewed as the recombination of the returning electron with the ion by emission
of a single photon carrying the excess energy gained in the laser field.
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Figure 1.9: One-dimensional model of over-the-barrier ionization. The Coulomb-barrier is completely
suppressed for a field strength F > FOBI.
With increasing field strength and intensity the width and height of the Coulomb barrier
is reduced until it is completely suppressed by the external field F (t) and even the ground
state will become unbound (Figure 1.9) [Pro96]. This process is called Barrier Suppres-
sion Ionization (BSI) or Over-the-Barrier Ionization (OBI). Approximate values for field
strength and intensity are derived from a simple 1-dimensional model. The combined
potential of the atomic core with effective nuclear charge Z and the light field is given by
V (x) = −Z
x
− Fx. (1.28)
The threshold value for OBI is defined by the condition, that the potential of the saddle
point V (xs), xs defined by ∂V (x)/∂x = 0, equals the binding energy -IP of the bound



















Numerical calculations of ionization rates in the intensity regime of the transition between
tunneling ionization and over-the-barrier ionization and above show a marked difference
between the ionization rates, that are obtained from (a possibly inadequate) application
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of the ADK-formula and the numerical results [Bau99], [Ton05]. Quite counterintuitively,
the ADK-prediction tends to overestimate the ionization rate. An attempt by Krainov
to extend the analytical ADK-model in order to make it applicable to over-the-barrier
ionization as well [Kra97], improved the agreement with exact calculations, but the dis-
crepancies remain too large to make it safe for indiscriminate use [Ton05].
The benchmarking calculations are based on solving the time-dependent Schro¨dinger equa-
tion within the single active electron (SAE) model. Tong and Lin propose an empirical
extension to the standard ADK-formula based on a range of model calculations for different
species, which is (labeled wTBI):











The exponential correction factor essentially contains a scaled ionization potential and
field strength along with a species dependent fit parameter α of unity order.
From the experimental side, there is little literature on over-the-barrier phenomena, which
is not surprising since there is no unique signature of over-the-barrier ionization to separate
it from tunneling ionization from electron or ion spectra. In an experiment with 1 ps
pulses of 1053 nm wavelength the number of produced ions per shot was monitored over
an intensity range of 1013 W/cm2 and 3·1016 W/cm2 for all the noble gases from helium to
xenon. The appearance intensity of a higher charge state An+ was found to be in excellent
agreement with the over-the-barrier intensity of the parent charge state A(n−1)+, and
reproduced the data better than a description based on the ADK-tunneling theory [Aug89].
The authors point out, that this approach is only justified for pulses short enough to
preempt saturation of the ion yield (alike in optical spectroscopy saturation is defined
as the nonlinear variation of the ionization signal rate with increasing intensity due to
depletion of the ground state).
1.1.7 Multiple Ionization
The simplest approach to describe double- or multiple ionization of atoms is the assump-
tion, that both processes proceed independently and in a stepwise manner: The subsequent
removals of electrons are pictured as independent ionization events, where there is no cor-
relation between them apart from the increase in ionization potential with each ionization
step. This mode of ionization is called sequential ionization.
However, detailed studies on the intensity dependence of single- and double-ionization
rates in the intensity range from 1013 to 1016 W/cm2 ( [Fit92], [Kon93], [Wal93], [Wal94a])
showed a significant enhancement in the yield of doubly charged ions at low intensities as
compared to the prediction of the independent event model based on the ADK-tunneling
rates. Figure 1.10 shows a measurement of the ion yield dependence on the laser intensity.
The yield curve for doubly charged ions bends in a certain intensity regime, forming a
prominent ’knee’ structure which indicates the unexpected enhancement of the double-
ionization rate. This enhancement of the ionization process was named ’Non-Sequential
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Figure 1.10: Double ionization of neon with 25 fs laser pulses at 800 nm wavelength. Left : Measurement
of the intensity dependence of the ionization rate. The lines show the calculated rates of an independent
event model based on ADK-theory (from [Lar98]). The theoretical curve 2 is obtained by muliplying
curve 1 with a scaling factor. Right : Two dimensional recoil ion momentum distribution at intensities
of 1.3 PW/cm2 (Ne+, Ne2+) and 1.5 PW/cm2 (Ne3+) (from [Mos00]). p‖, p⊥ are the momenta parallel
and perpendicular to the laser polarization axis, the distribution is integrated along the third cartesian
coordinate.
Double Ionization’ (NSDI), to distiguish it from the regime, that is well described by the
’statistical’ independent event model. The origin of this phenomenon has been under long-
standing discussion. There was little doubt, that this effect should be due to a correlation
between the ionized electrons, though the nature of this mechanism was still unclear.
Several models (see for example the review by Do¨rner et al. [Do¨r02b]) have been proposed
in the past to explain this behaviour, of which the most discussed and cited are briefly
presented.
Collective Tunneling
The model of collective tunneling [Eic00] assumes the simultaneous tunneling of several
bound electrons through the potential barrier. This theory combines several bound elec-
trons to a quasi-particle bound with the total ionization potential of the N electrons,
where the ionization probability is described in terms of a modified ADK-rate. This rate
qualitatively agrees with the observed form of the yield curves for different species, but
systematically underestimates the yield in doubly-charged ions at lower intensity. It was
ruled out by the authors themselves to consider collective tunneling ionization as a dom-
inant mechanism in the experimentally covered situations. But they point out, that for
23
Chapter 1. Basics of Multiphoton Ionization
very short pulse durations or large differences in the 1st and 2nd ionization potential, this
process could play a role (one two-particle tunneling process at an effective IP of the sum
of the 1st and 2nd IP should have a higher probability than the independent sequential
tunneling of the outermost and 2nd electron through their individual tunneling barriers).
Shake Off
Another possible mechanism that had been extensively discussed, is a ’shake off’ of a second
electron. After instant removal, i.e. on a timescale short compared to the characteristic
timescale of electronic motion within the atom (’sudden approximation’), the electron shell
is not in an eigenstate of the ionic Hamiltonian and the wavefunction of the remaining
electrons has an overlap with continuum states, so that there is a certain probability
that another electron is projected to the continuum as the wave function relaxes to its
new eigenstate. This mechanism is known to be the dominant contribution to double
ionization by absorption of high-energetic photons (beyond the keV-range) [Spi95], where
it could be identified by its kinematic signature in a COLTRIMS-experiment. It is also
the dominant process in collisions of atoms with fast charged projectiles [McG97].
A related mechanism, occurring at lower energies, is the so-called Two-Step-One (TS1)
process. In a simple picture, the photoionized electron strongly interacts with a second
electron on its way out of the atom and knocks it out in a binary electron-electron collision
[Sam90]. In both the above cases, the electron-electron correlation is confined to the size
of the atom and on a timescale of attoseconds.
Recollision
The idea of an ionized electron driven by the laser field returning back to its parent ion
and interacting with it was introduced in section 1.1.5 as an explanation for the high en-
ergy tail of the electron energy distribution in single ionization. It is clear, that besides
elastic scattering and recombination (HHG) impact ionization is possible as well. Since
the peak ponderomotive potentials of fs-pulses can easily reach several 100 eV and more
for intensities of 1015 W/cm2, enough impact energy for direct electron impact ionization
is provided by the returning electron. In the picture of electronic correlation, one could say
that rescattering is an electron correlation effect mediated by the laser field. Rescattering
is nowadays commonly recognized as the dominant mechanism in non-sequential double
ionization. First evidence was provided by the fact, that in fields of circular or elliptical
polarization, double-ionization and HHG is supressed, which is explained by the fact, that
in the rotating field the electron trajectories do not return to the parent ion [Die94], [Fit94].
A direct identification of rescattering as the mechanism responsible for NSDI was achieved
in experiments, that were capable of recording fully differential cross sections of multiple
ionization in intense laser fields, namely reaction microscopes in conjunction with Ti:Sa
amplifiers delivering high intensity pulses at repetition rates in the kHz range [Mos00],
[Web00]. Figure 1.10 b) displays a projection of the momentum distribution of singly,
doubly and triply charged neon ions for peak intensities, at which the characteristic ’knee’-
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structure manifests itself in the yield curve. Thus the observation in the regime of non-
sequential double ionization was ensured. Already the ion spectra alone deliver crucial
information about the ionization process: Due to momentum conservation and the fact,
that the momentum of absorbed photons is negligible to a good degree, the recoil ion
carries the information about the momentum sum of all emitted electrons. Whereas the
momentum distribution of singly charged ions is strongly peaked around small momenta
p⊥ in the direction perpendicular as well as parallel (p‖) to the laser polarization axis,
the momentum distribution of the higher charge states Ne2+ and Ne3+ gives a completely
different picture: The momentum distribution of multiply charged ions exhibits a pro-
nounced minimum at small longitudinal momenta and is peaked to higher values of a few
a.u., giving rise to a characteristic double-hump structure in the momentum spectrum.
This structure is again explained by the electronic motion of the ionized electrons in the
laser field as presented in section 1.1.5: For all tunneling phases ωt0, for which the elec-
tron can return to the origin and acquires enough energy to further ionize the ion via a
electron-electron colission (tunneling phases close to 108◦, where the maximum drift en-
ergy of 3.17Up is acquired), the laser field has a small value at the return time, i.e. at the
instant, when the second electron is promoted to the continuum. In analogy to the case of
elastic rescattering, the second electron can now acquire a large drift momentum, which
is mirrored in the recoil ion momentum distribution, which maps the net momentum of
the emitted electrons. If the initial tunneling process takes place at a half cycle of the
field with negative field strength, it will gain the same drift energy, but in the opposite
direction, contributing to the other peak of the double-hump structure.
For the other mechanisms discussed, the momentum distribution is expected to have a
maximum at zero momentum, since the emission of both electrons takes place with no no-
table time difference on the time scale of the laser field. Therefore both electrons will gain
the same drift energies. As the probability for ionization for the first electron is highest
at the peak field strength, the corresponding drift energies are close to zero.
The unique signature of the rescattering mechanism in the ion momentum spectrum en-
abled to determine it as the by far dominant channel in non-sequential double ionization.
Investigations on different species of noble gases (He, Ne and Ar) revealed atom specific
differences in the depth of the central minimum of the momentum distribution. In a more
complete picture of recollision induced multiple ionization, reaction pathways like electron
impact excitation (instead of ionization) followed by field ionization have to be taken into
account [Feu01], [Rud04a]. This process is called RESI (Recollision-Excitation plus Sub-
sequent field Ionization). The amplitude of the different recollision induced processes in
multiple ionization was shown to depend strongly on the atomic level structure [Jes04].
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Laser Cooling and Trapping of
Lithium
As pointed out in the introduction, it is possible to deflect, decelerate and confine atoms in
specially tailored light fields. In the preparation of ultracold atomic gases the dissipative
spontaneous force plays the central role, which can reduce atomic velocities down to the
range of some cm/s. In a magneto-optical trap (MOT) an ensemble of of atoms and can
be spatially confined and cooled to temperatures below 1 mK by means of the scattering
force exerted by resonant laser beams.
This chapter first reviews the basic principles of laser cooling and trapping, and their
experimental application. Further, the specific properties of 7Li related to laser cooling
are presented.
2.1 Principles of Laser Cooling and Trapping
2.1.1 The Spontaneous Force
The technique of laser cooling relies on the fact, that by the absorption of a photon by
an atom not only energy, but also momentum is transferred from the light field to the
atom. So with each photon absorbed, the atom receives a momentum of ∆p = ~k where











In the subsequent spontaneous decay of the excited state another photon is emitted,
whereas this emission on average occurs isotropically.
If an atom is placed inside a directed resonant laser beam it undergoes many cycles of
directed absorption followed by isotropic spontaneous emission. Since the momenta trans-
ferred by spontaneous emission ~k′ will average out to zero over many cycles, the atom
experiences a net momentum-transfer in direction of the laser beam.
A theoretical treatment of the interaction of near-resonant, monochromatic and intense
27
Chapter 2. Laser Cooling and Trapping of Lithium
light with atoms as present in laser cooling is mostly carried out by treating the atom as a
two-level atom coupled to a classical electromagnetic field via the electric dipole moment
between the two states involved.
The rather phenomenological expressions for the radiation forces on an atom displayed
throughout the next sections can be developed in a rigorous way from the framework
of the Rabi Two-level-system theory and optical Bloch equation formalism. Since their
derivation requires rather lengthy algebraic manipulations and does not contribute much
to an adequate understanding of laser cooling and MOT-operation as required within
the scope of this thesis, it shall just be noted, that a thorough treatment is presented
in [Met99], [Tan92] and references therein.
In the case of Lithium the photon momentum of 671 nm-light of the D2-transition amounts
to 9.30 ·10−28 kg m/s or 4.7 ·10−4 a.u., corresponding to an atomic recoil velocity of 8.474
cm/s. Though these momenta may appear negligibly small, the high resonant scattering
rates possible on dipole transitions can produce a substantial force on an atom, as illus-
trated in the following:
In the steady-state situation, which is given, when the atom is irradiated by a mono-
chromatic field of constant intensity, the rates of absorption and spontaneous emission
are in equilibrium and the photon scattering rate can be expressed as the product of the
spontaneous decay rate γ and the excited state population ρee:
Γsc = γρee. (2.2)
An expression for the excited state population in dependence of the intensity I and the
near-resonant detuning δ of the incident radiation is derived from the stationary solution
of the optical Bloch equations. Originally developed in the context of magnetic resonance
spectroscopy, where spontaneous decay rates are negligible, because they scale with the
transition frequency ω0 as ω
3
0, the effect of spontaneous emission has to be included by the
phenomenological damping factor γ = 1/τ , where τ is the natural lifetime of the excited

















s0 = 2|Ω|2/γ2 = I/Is. (2.5)
The on-resonance saturation parameter s0 normalizes the intensity I to the saturation
intensity. The saturation parameter s takes into account a detuning δ = ω0 − ω of the
light field’s frequency ω with respect to the atomic transition frequency ω0. The saturation
intensity Is is defined as the intensity, at which the excited state fraction amounts to 1/4
(see (2.3)).
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Ω is the Rabi frequency, which describes the coupling energy between the atomic dipole
moment and the light field and is given by
Ω = − e
~
E0 〈e| erˆ |g〉 , (2.6)
with e is the electron charge and E0 the amplitude of the electric field. The bra-ket
expression is the dipole matrix element between the ground state |g〉 and the excited state
|e〉.




For the D2-line of 7Li, the on-resonance saturation intensity is 2.55 mW/cm2. Thus the
transition can be strongly driven already with modest laser intensities.
The excited states of optical transitions commonly used in laser cooling experiments exhibit
radiative lifetimes τ on the order of 20–30 ns. If the transition is strongly driven and an
excited state population of almost 50% can be assumed, the scattering rate approaches
γ/2, corresponding to 18.45·106 scattered photons per second in the case of the (22S1/2–
22P3/2) transition of lithium (or other alkaline metals). The maximum spontaneous force
F exerted by resonant light on the atom is




For the light lithium atom, resonant scattering can produce an acceleration as large as
1.577·106 m/s2 or 160000 times earth’s gravity.
Figure 2.1 depicts the dependence of the achievable scattering rate on the detuning δ
and the laser intensity (expressed in terms of the saturation parameter s0). The general





1 + s0 + (2δ0/γ)2
. (2.9)
To make efficient use of this force, the spectral power density distribution of a laser has to
be concentrated in an interval narrower than the transition’s natural linewidth (FWHM)
Γ = 12piτ , which is 5.87 MHz in the case of lithium. This condition is well fulfiled by
modern tunable single mode cw-lasers such as dye-lasers or external cavity diode lasers
(ECDL), which typically feature linewidths of 1 - 2 MHz.
Furthermore, even very small velocities (Doppler-shift) or external fields (e.g. Zeeman-shift
due to magnetic fields) can shift the transition completely out of resonance. A velocity of
3.97 m/s is sufficient to shift the resonance of a Li-atom by an entire natural linewidth
compared to an atom at rest. On the other hand it is just this sensitivity of the resonance
condition that is exploited in laser cooling techniques, as will be laid out in the following
sections.
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Figure 2.1: Spontaneous scattering rate Γsc as a function of the detuning δ for different saturation
parameters s0. Due to saturation around the center frequency and still growing absorption in the wings,
the line profile broadens with increasing intensity. This effect is known as ’power broadening’. The power-




So far we have only considered the effect of light on atoms at rest. For atoms moving with
a velocity v the laser frequency ω seen in the rest frame of the atom gets shifted by the
Doppler effect. The detuning δ0 is now replaced by a velocity dependent effective detuning
δ containing the Doppler term −kv:
δ = ω − ω0 − kv. (2.10)
Depending on its velocity, the atom is shifted into or out of resonance. The velocity





1 + s0 + (2(δ0 − kv)/γ)2
. (2.11)
Consider an atom moving in the light field created by two counter-propagating laser beams
with wave vectors k,−k: The atom sees the beam it is moving towards blue detuned
(meaning at higher frequency). If the beams are red detuned with respect to the atomic
transition frequency (δ0 ≡ ω − ω0 < 0), the atom will always see the counter-propagating
beam closer to resonance, and its spontaneous scattering rate increases. The beam in-line
with the velocity component is always shifted away from resonance. Thus more momentum
is transferred from the beam directed against the direction of motion of the atom. This
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way an imbalance in the radiation pressure arises, effectively slowing down the atom and
bringing about a confinement in velocity space. The net force of the two beams is given
by:





1 + s0 + (2δ±/γ)2
(2.12)
with
δ± = δ0 ∓ kv.
This expression can be linearized in v under the condition |k · v| ≪ γ:
F = ~k2
8s0(δ/γ)
(1 + s0 + 4(δ/γ)2)2
· v = − |α| v. (2.13)
The force represents a viscous damping term in the equation of motion of the atom,
asymptotically reducing its velocity to zero (see 2.2). This setup can be generalized to
three dimensions with 3 orthogonal pairs of laser beams. The atoms move through the
light field, as if it was a viscous liquid, this is, why this configuration was called ’optical
molasses’. The natural velocity scale of an optical molasses is set by the quantity v = γ/k,
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Figure 2.2: Velocity dependent force F in an one-dimensional optical molasses in units of the maximum
spontaneous Force ~kγ/2. The red curve shows the total force FOM as the sum of the single beam forces
F+, F− (dashed blue lines), calculated for a detuning of one linewidth γ and a saturation of s0 = 2. The
dotted green line is the linear approximation for small velocities. The magenta curve depicts the situation
for a large detuning of 4γ and higher saturation of s0 = 6.
sometimes referred to as the capture velocity, defined by the velocity, where the Doppler-
shift corresponds to an entire natural linewidth.
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2.1.3 The Magneto-Optical Trap
Figure 2.3: A simple 1-dimensional model of a magneto-optical trap.
The principle of a velocity-dependent scattering rate leads to capture and compression
only in momentum space. With the magneto-optical trap, shortly MOT, the concept of
the optical molasses is extended by a position dependence of the scattering force, providing
also spatial confinement. The operating principle of the MOT is best explained in a simple
1-dimensional model: A model atom is considered with a ground state |g〉 of total angular
momentum F = 0 and an excited state |e〉 of total angular momentum F ′ = 1 with the
respective magnetic sublevels |mF ′ = +1〉, |mF ′ = 0〉 and |mF ′ = −1〉 (the considerations
carried out here apply equally well to any (F = N → F ′ = N + 1)-system). This atom
is placed in a magnetic gradient field along the z-axis B(z) = B′zz and irradiated by a
pair of counterpropagating circularly polarized laser beams of opposite helicity, which are
again red-detuned with respect to the zero-field atomic transition frequency. The magnetic
field induces a position-dependent Zeeman shift of the magnetic substates of the F ′ = 1
manifold ∆E = (µe − µg)B(z) = ∆µB(z), where µe, µg are the magnetic momenta of the
ground and excited states involved. For an atom at a position on the positive z-axis the
transition (F = 0,mF = 0 → F ′ = 1,mF ′ = −1) is shifted closer to resonance, while the
(F = 0,mF = 0 → F ′ = 1,mF ′ = +1) transition becomes increasingly off-resonant. If
σ−-light is shone in from the right-hand side, predominantly photons from this beam are
scattered, creating a force that drives the atom back towards the center of the trap. By
convention, σ±-light has the polarization, that drives transitions with ∆m = ±1 1.
The effective detuning of (2.10) is supplemented by the position-dependent Zeeman de-
tuning:
δ± = δ0 ∓ kv ±∆µB(z)/~. (2.14)
Substituting into equation (2.12), and again performing a linearization for small v,z for
1It is common practice in quantum optics, to choose a fixed-in-space quantization axis, e.g. the direction
of propagation of the laser light. At the zero crossing of the magnetic field, the sign of the magnetic field
is reversed instead of the quantization axis.
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|(∆µB′z/~)z| ≪ γ analogous to (2.13), one obtains:
F = ~k2
8s0(δ/γ)
(1 + s0 + 4(δ/γ)2)2





(1 + s0 + 4(δ/γ)2)2
· z (2.15)
≡ −αv − κz.
Equation (2.15) describes a damped harmonic oscillator and indicates that the atoms, once
inside the MOT region perform damped harmonic oscillations around the center of the
MOT, with a spring constant κ and a damping coefficient α. The oscillation frequency is
given by ω =
√





Inserting typical values for a standard lithium MOT, δ=2γ, s0=4, B
′
z=10 G/cm, δµ=µB
yields the values ω0=1.04 · 104 s−1 for the oscillation frequency and β=5.8 · 104 s−1 for the
damping rate, indicating a strongly overdamped motion inside the trap.
Generalization to Three Dimensions
The scheme discussed above led to the idea, to extend it to three dimensions as shown
in Figure 2.4 in order to provide a truly three-dimensional confinement for a sample of
atoms. The ’standard-MOT’ configuration consists of three orthogonal pairs of σ+/σ−-
polarized laser beams. A linear magnetic gradient field (near to the zero of the field) along
each dimension is generated by a set of two coaxial coils in anti-Helmholtz configuration
(opposite currents of equal magnitude in each coil). This kind of field configuration is
called a spherical quadrupole field, as it corresponds to a 2-dimensional quadrupole field
rotated around the coils’ symmetry axis (z-axis).
For a given B′z along the symmetry axis it follows from Maxwell’s law


























The radial gradient is just half of the axial gradient and the field vector components have
opposite directions, i.e. if the axial component is pointing towards the center of the trap,
the radial components are pointing outwards.
Consequently, the radial spring constant of the trap is equally reduced to half its axial
value, leading to a slightly elliptic shape of the atom cloud. Quoted values for the field
gradient always refer to the stronger axial gradient, and are typically on the order of 10-20
Gauss.
A detailed modeling of the dynamics of a 3D-MOT is a difficult task [Tow95], due to
the interplay between the atoms position and velocity, the local polarization of the light
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Figure 2.4: Principle of the magneto-optical trap: A pair of anti-Helmholtz coils generates a spherical
quadrupole magnetic field. 3 pairs of red detuned counterpropagating beams of circularly polarized laser
light provide the trapping force.
field created by the 3 pairs of beams and the spatially varying magnetic field vector.
However, the main properties of 3D-MOTs are surprisingly well described in terms of the
simple Doppler-theory presented above. Furthermore, the concept of the 3D-MOT proves
to be quite robust and to work even under far from ideal conditions, provided the laser
frequencies are stable and set right.
Capture Range
The points ±Rc, where atoms at rest are in resonance with one of the laser beams and






In this way, a boundary for the volume, into which slow atoms enter and subsequently
get trapped, is established. If Rc is larger than the radii of the laser beams applied, the
capture radius is determined by the beam diameters.
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Likewise, the capture velocity vc defines the maximum velocity, for which atoms entering
the trap region are slowed down completely. An atom having the velocity vc at −Rc should
come to a standstill at Rc and perform a damped motion towards the trap center. It is
reasonable to assume that only the velocity dependent force plays a substantial role in
the capture process. By estimating that the atom experiences the maximum spontaneous





Figure 2.5 gives a more conservative estimate of the capture velocity vc, assuming the
stopping distance to be only Rc. Still, for the light lithium atom, relatively high capture
Figure 2.5: An estimate for the capture velocity vc dependent on the capture radius of the trap.
velocities are achieved: Measurements of the capture velocity of 133Cs [Lin92] and 23Na
[Mun01] yielded values between 11 m/s and 40 m/s for Cs (depending on the detuning and
beam diameter) and 25 m/s for Na. The cooling transition of cesium exhibits a similar
linewidth (γ/2π=5.18 MHz), but a longer wavelength of 852 nm, leading to a lower photon




mCs/mLi ≈ 4vc,Cs (2.21)
are realistic.
2.1.4 Dynamics of the Magneto-Optical Trap
There is a variety of schemes to load atoms into a magneto-optical trap, comprising pulsed
and continuous modes of operation. Most common techniques are loading from the low
velocity fraction of a thermal background gas of the desired species (if no stringent vacuum
conditions are required) [Mon90], or from a collimated, slow atomic beam, for example
generated by a so called Zeeman slower [Phi82] or a 2D-MOT [Sch02].
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The steady state of a continuously operated MOT is a dynamic equilibrium: The number
of trapped atoms is given by the balance between various loss channels and the rate at
which new atoms can be captured by the MOT. The behaviour of the atomic cloud in
terms of the atom number N can be described in terms of a rate equation [Wal94b]:
dN
dt
= L−RN − β
∫
dV n(r)2. (2.22)
L is the loading rate in atoms/s, R the one-body loss rate rate per atom, which is the inverse
of the lifetime τMOT of the trap population. The loss rate is essentially dominated by
collisions of trapped atoms with thermal background atoms and molecules (and eventually
hot atoms from a thermal atom source or from the high velocity tail of the loading beam).
The atom density n(r) dependent term β
∫
dV n(r)2 describes the loss due to collisions
between trapped atoms, by which internal energy is converted to kinetic energy and at
least one collision partner acquires enough energy to be ejected from the trap. At atom
densities encountered in MOTs (109–1011 atoms/cm3) the two-body loss rate is usually
small compared to the one-body loss rate and will be neglected for now.





(1− e−Rt) = Nmax(1− e−Rt). (2.23)
The atom number asymptotically saturates to its steady-state (maximum) value Nmax =









where nX is the number density, σX−Li the respective collisional cross section and
√
v2 =√
3kBT/mX the root mean square velocity. From the above it is obvious that capturing
large atom numbers demands not only high loading rates, but, as the loss rate scales
linearly with the background gas density, excellent vacuum conditions in the UHV-range
(p<109 mbar) are required.
Two-Body Losses
Two basic mechanisms of inelastic collisions, that lead to quadratic trap loss, can be
distinguished, the state changing collisions (SC) and the radiative escape (RE) [Jul91],
[Wal94b]:
• In state changing collisions, the electronic state of one or both atoms is changed
during the collision process, and the energy difference between final state and initial
state is converted to kinetic energy. In the interaction between ground state atoms
36
2.1. Principles of Laser Cooling and Trapping
one or both collision partners could be transferred from an upper to a lower hyperfine
level of the ground state. For lithium, e.g. the following process is possible:
|22S1/2, F = 2〉+ |22S1/2, F = 2〉 −→ |22S1/2, F = 1〉+ |22S1/2, F = 1〉+ 2∆EHFS.
(2.26)
Each atom gains a kinetic energy corresponding to the full ground state hyperfine
splitting. With ∆EHFS/h being 803.5 MHz, the gain in velocity is 9.7 m/s, which is
still below typical capture velocities of the MOT. Thus, collisions between atoms in
the ground state do not contribute significantly to the two-body loss rate.
Due to the inherent presence of excited state atoms in the trap, collisions between
ground- and excited-state as well as two excited atoms have to be considered. For
lithium, fine structure changing collisions (FSC), where one or two excited atoms
switch from the |22P3/2〉 to the |22P1/2〉 fine structure state, constitute the main loss
channel amongst the SC processes:
|22P3/2〉+ |22P3/2〉 −→ |22P1/2〉+ |22P1/2〉+ 2∆EFS. (2.27)
The excited state fine structure splitting with an energy of ∆EFS/h=10.052 GHz
(or 0.48 K) is considerably larger than ∆EHFS, leading to a velocity of 23.9 m/s
for the process, where only one collision partner changes its HF-state and 33.9 m/s
where both atoms involved undergo a fine structure transition, respectively. This
velocity is on the same order as the capture velocity or depth of the trap potential. By
variation of the trap depth, e.g. by an increase of laser intensity, this loss channel can
be effectively suppressed, reducing the loss coefficient β by two orders of magnitude
[Kaw93]. At the same time, this effect allowed for a separate observation of the loss
rate induced by radiative escape [Rit95].
• A radiative escape event occurs, when one of two nearby ground-state atoms (Rabs ≈
100 nm) absorbs a resonant photon from the trap laser. The S1/2+P3/2 molecular
potential has an attractive long ranged component falling off as R−3, where R is
the interatomic distance, due to the resonant electric dipole interaction. Within the
lifetime of the excited state, the atoms are accelerated towards each other. Upon
the emission of a red-shifted photon at closer internuclear distance Rem, the colli-
sion pair will find itself on the flat S1/2+S1/2 potential curve, sharing the kinetic
energy VS1/2+P3/2(Rabs) − VS1/2+P3/2(Rem) gained in the acceleration process. The
interaction between two excited atoms does not play a prominent role in radiative
escape, since the P3/2+P3/2 potential falls off as R
−5 and thus requires much closer
interatomic distances to have a significant effect.
Inclusion of the two body effects into the model for the loading rate modifies the exponen-
tial loading and decay behaviour. The experimentally simplest indication that two-body
processes contribute significantly to the overall trap loss, is a non-exponential decay com-
ponent at the beginning of the decay curve, when the atom density is still high.
Under the mostly well fulfilled assumption, that the atom cloud has a Gaussian density
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Figure 2.6: Loading curves (left) and decay curves (right), normalized to the steady state atom number
N0 = R/L. Time is given in units of the lifetime τ = 1/R of the atomic ensemble. The black curves
represent the dynamics of the loading- and decay process with only one-body losses present, the red curves
reflect the trap behaviour under the influence of one- and two-body losses. The inset in the right graph
shows the decay curves in semi-logarithmic scale to illustrate the super-exponential decay at the beginning
of the decay process, which is the characteristic signature of two-body effects. The two-body constant was
chosen as β′/R = 1.
distribution with half 1/
√
e-widths σz in the axial direction and σr in the radial direction







with β′ being the effective two-body loss constant. The differential equation (2.22) can
still be solved analytically upon inclusion of the 2-body loss term, leading to the following

















The decay curve now reads
N(t) = N0
Re−Rt
R+N0β′(1− e−Rt) . (2.30)
Figure 2.6 compares loading and decay curves with and without the contribution of 2-body
losses.
2.1.5 Temperature of the Magneto-Optical Trap
Though a sample of laser-cooled atoms is not a system in thermal equilibrium, it can be





2.1. Principles of Laser Cooling and Trapping
The model for describing the dissipative force (2.13) suggests that atoms could be cooled
to arbitrarily low velocities and temperatures, but neglects the fact, that momentum
exchange with the radiation field occurs in discrete quanta of ~k. Any atom recieves a
stochastic momentum kick with every emission process. This corresponds to the atom
performing a random walk in momentum space with steps of ~k, whose average value
is zero, but its second moment, corresponding to kinetic energy, is not. So the random
spontaneous emission constitutes a source of heating to the system 2. This problem can be
addressed in the framework of the Fokker-Planck equation and it can be shown, that under
the conditions of laser cooling, a Maxwell-Boltzmann distribution is reproduced [Met99].
Equating the cooling (drift) and heating (diffusion) rate finally leads to an expression for











This temperature is named the Doppler temperature or Doppler limit. Within the model of
Doppler cooling, it puts a fundamental limit on the temperatures achievable in MOTs and
molasses. This quantitiy solely depends on the linewidth of the atomic cooling transition
and is therefore on the same order of magnitude for most laser-coolable species.
The Doppler limit of lihium is 143 µK. The corresponding Doppler velocity is vD =√
kBT/m = 41.3 cm/s, or expressed as momentum in atomic units, pD = 0.0023 a.u.
An even more fundamental limit is the recoil temperature, which is set by the recoil mo-
mentum of one scattered photon. For the light lithium atom a momentum of ~k translates
to a temperature of Trec = 6 µK or a velocity of vrec = 8.5 cm/s.
In contrast to the heavier alkali metals, temperatures below the Doppler limit [Let88],
have not been observed in lithium MOTs or molasses, which can be attributed to their
comparably high thermal velocity at usual molasses and MOT temperatures. This pre-
vents the subtle optical pumping effects [Dal89], [Met99] induced by the spatially varying
polarization vector of the light field, which is created by the superposition of the cooling
beams, from taking effect.
2.1.6 Density of the Magneto-Optical Trap
For low atom numbers (typically N≈105) any interaction between the trapped atoms can
be neglected. The density distribution n(r) for an ensemble of non-interacting particles of





2In a multi-beam configuration at high intensities, stimulated emission from one beam into another can
take place, adding another source of stochastic heating.
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and full widths at half maximum (FWHM) of 2
√
2 ln 2σi.









Here the cylindrical symmetry of the MOT’s gradient field as encountered in the usual
experimental situation has been employed, leading to σx = σy = σr; see equations (2.15),
(2.18).
With increasing density, there is a significant probability for a resonant photon that has
been scattered by a MOT-atom, to be absorbed and reemitted by another atom. One
emission–reabsorption process leads to an average relative momentum of 2~k between two
atoms, so this process gives rise to an effective repulsive force between the atoms. Adding
atoms to the trap does not result in an increase in density any more, instead the cloud of
atoms will expand, while the central density remains constant. The MOT is then said to
operate in the multiple scattering regime. In typical MOT-configurations with low laser
detunings it is reached at atom numbers exceeding some 105 atoms [Tow95].
For very large atom numbers, a considerable fraction of the laser power is absorbed within
the outer shells of the cloud (optically thick MOT), partly shadowing the central region
from the cooling light. Together with the above effect, this leads to a further reduction of
density and an increase in temperature.
2.2 Cooling and Trapping of Lithium
2.2.1 General Properties of Lithium
Lithium is the third element in the periodic system with its three electrons (or nuclear
charge of Z=3) and belongs to the group of the alkali metals. With a density of only half
of that of water, it is the lightest of all metals. Due to its reactivity, it does not occur
under atmospheric conditions in its pure form.
Commercially available elemental lithium comes e.g. in the form of 20 cm long dull grey
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Property Symbol Value [Ref.]
Atomic Number Z 3
Nucleons Z+N 7
Natural Abundance η 92.4 % [Wea83]
Atomic Mass m 7.016 004 amu [Ems95]
1.165035·10−26 kg
Nuclear Spin I 3/2
1st Ionization Potential IPLi 5.3917 eV [NIS07]
2nd Ionization Potential IPLi+ 75.640 eV [NIS07]
3rd Ionization Potential IPLi2+ 122.454 eV [NIS07]
Table 2.1: Basic atomic properties of 7Li.
rods of 12 mm diameter with natural isotope abundances. Freshly cut surfaces appear in
a shiny silver color. As all alkali metals, it is rather soft and can be cut with an ordinary
knife. Due to its relatively low reactivity compared to sodium, potassium etc., it is rela-
tively easy to handle. When exposed to ambient air, a crust of lithium oxide Li2O, lithium
hydroxide LiOH and lithium nitride Li3N forms. Experimental preparation and storage
are best performed under argon atmosphere.
Lithium has two stable isotopes, the bosonic 7Li with a nuclear spin of I = 3/2 and the
6Li with I = 1, which is a composite fermion. The natural abundances are 7.6 % for 6Li
and 92.4 % for 7Li. Since at the present stage, the carried out and planned experiments
are not sensitive to the quantum-statistical nature of the target, it is most efficient to trap
7Li. However, since there is an D2-line isotope shift of 10 GHz [Wal03] and even smaller
hyperfine splittings of the levels relevant to laser cooling when comparing 7Li and 6Li , the
same laser system could be used to trap 6Li as well, provided a set of optical modulators
with matching center frequencies for fine tuning.
Table 2.1 lists some relevant fundamental properties of atomic 7Li, amongst them the
ionization potentials for all charge states.
As an essential prerequisite for spectroscopy, trapping and collision experiments, the in-
volved substances have to be prepared in gaseous form. For most elements, simple heating
of the solid or liquid phase inside a vacuum oven generates enough vapour pressure to form
a thin atomic gas or beam. Some thermodynamic properties of lithium are presented in
Table 2.2. The important vapour pressure curve and the generation of an atomic lithium
beam are discussed in section 3.7.
2.2.2 Spectroscopic Properties of Lithium
In section 2.1.2 the principles of laser cooling have been eludicated by means of a model
two-level system. Efficient laser cooling can only take place by means of driving a closed or
cycling transition, i.e. the excited state must not spontaneously decay to any state other
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Quantity Symbol Value [Ref.]
Density (300 K) ρ 0.534 g/cm3 [Wea83]
Melting Point TM 180.54
◦C [Wea83]
Boiling Point TB 1342
◦C [Wea83]
Heat of Fusion QF 2.99 kJ/mol [Wea83]
Heat of Vaporization QV 134.7 kJ/mol [Wea83]
Table 2.2: Basic thermodynamic properties of bulk 7Li.
than the ground-state of the cooling transition3. For the alkali metals, this condition is
only approximately fulfilled. Otherwise, optical pumping takes place, emptying the orig-
inal ground state by transferring the atoms to the so called dark state. Fig. 2.7 displays
the energy levels relevant to laser cooling of lithium. As for all alkalis, the D2-component
(22S1/2 – 2
2P3/2) of the prominent D-line is utilized as cooling transition. In principle
the D1-line (22S1/2 – 2
2P1/2) could be used as well, but carries only half the line strength
of the D2-transition. The wavelength of this transition is in the visible at 671 nm and
responsible for the characteristic, beautiful bright red colour of fluorescing lithium and our
laser.
The radiative lifetime of the D-line transition is τ=27.10 ns [McA96], [Vol96], correspond-
ing to a natural linewidth of 1/(2πτ) = 5.87 MHz. The ground |2S1/2〉 state shows a
characteristic hyperfine structure splitting, induced by the interaction of the nuclear mag-
netic moment with the electronic magnetic moment. On the D2-line, a cycling transition
could be realized via the strong (22S1/2, F = 2 – 2
2P3/2, F
′ = 3) transition (the prime
labels the quantum numbers of the respective excited state), since the excited state can
only decay back to the |F = 2〉 level (see Fig. 2.7). The quantum number F denotes the
total angular momentum F = J + I, where J = L + S is the total electronic angular
momentum and I the nuclear spin. Due to the exceptionally small hyperfine splitting
(hyperfine constant aHFS = -3.055 MHz) of the |22P3/2〉 state, all 4 hyperfine sublevels
lie closely spaced in an frequency interval of only 18.33 MHz which is just three natural
linewidths. Thus an off-resonant excitation of all allowed transitions is inevitable. The
|22P3/2, F ′ = 1, 2〉 states can then decay to the |22S1/2, F = 1〉 ground state. This un-
resolved hyperfine structure induces a strong coupling between the two ground states,
turning the D2-line of 7Li into an effective λ-3-level system.
The Repumper Laser
To prevent all atoms being transferred from the |F = 2〉 to the |F = 1〉 ground state within
a few scattering cycles, and thus being lost from the trap, the repumper laser is employed.
3A large number of successful experiments has been performed on metastable noble gases. The lifetimes
of the metastable ground states of the cooling transitions have lifetimes between 20 s (Ne) and 150 s (Xe),
well exceeding the storage- or cycle times of most cold atom experiments.
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Figure 2.7: Schematic of the atomic levels of 7Li relevant to laser cooling: The full lines indicate the
’closed transitions’ of the cooler and repumper laser, dashed lines the decay channels to the other ground
state. HFS: Hyperfine Splitting; FS: Fine structure Splitting.
It drives the transistions from the |F = 1〉 ground state to the |F ′ = 0〉, |F ′ = 1〉 and
|F ′ = 2〉 excited states. From the they can decay back to the |F = 1〉 state. For the other
alkali metals, apart from potassium, the hyperfine splitting of the excited state is much
larger (e.g. a total of 496 MHz for 87Rb), so the branching ratio to the unwanted ground
state is rather low, though clearly apparent in the experiment. There, it is sufficient to
guide one weak (a few mW) beam of matching frequency through the trap region to ensure
an efficient repumping process.
For lithium, the situation is completely different: Due to the strong coupling of both
ground states, the repumper contributes a considerable fraction to the scattering force.
For effective trap operation, beams of about the same intensity have to be used, which
should be carefully overlapped with the cooling beams to avoid imbalances in radiation
pressure.
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Quantitiy Symbol Value [Ref.]
Wavelength Vacuum D2(22S1/2–2
2P1/2) λvac 670.9767 nm [San95]
Wavelength Vacuum D1(22S1/2–2
2P3/2) λvac 670.9616 nm [San95]
Wavelength Air D2(22S1/2–2
2P1/2) λair 670.7764 nm [San95]
Wavelength Air D1(22S1/2–2
2P3/2) λair 670.7915 nm [San95]
Frequency D2 ν 446.8102 THz
Photon Energy D2 ~ω 1.84786 eV
Lifetime 22P τ 27.10 ns [McA96]
Natural Linewidth 22P γ 36.90 ·106 s−1
5.873 MHz
Saturation Intensity D2 Is 2.54 mW/cm
2
Hyperfine Structure Constant 22S1/2 aHFS 401.76 MHz [Wal03]
Hyperfine Structure Constant 22P3/2 aHFS -3.05 MHz [Ort75]
Table 2.3: Specroscopic properties of 7Li relevant to laser cooling.
2.2.3 Resonance Fluorescence and Atom Number
One key parameter in the determination of the properties of a MOT is the total number of
trapped atoms. This could be done by measuring the attenuation of a weak large diameter
probe beam guided through the trap. The simplest way to estimate the atom number,
is to record the fluorescence emitted by the MOT, since the scattered light power should
be proportional to the number of atoms in the trap. Equation (2.9) suggests that by
knowledge of the saturation intensity, laser detuning and laser intensity at the position of
the trap, the atom number can be determined.
The calculated value of the saturation intensity Is always refers to the strongest transition
between magnetic sublevels within a (J–J ′)-transition. For the D2-line of 7Li these are
the stretched transitions (F = 2,mF = ±2 – F ′ = 3,mF = ±3), which have a Clebsch-
Gordan coefficient of 1. To do justice to the situation in a real MOT, one must calculate
an average of all the transitions between the Zeeman sublevels of the ground and excited
state, since due to the interference of the six MOT beams the field polarization, the local
field intensity and the internal atomic state are a complicated function of the position of
the atom [Tow95].
In a first approximation the light field in the MOT is considered to be unpolarized, i.e.
any atom is on average exposed to three polarization components σ+, σ− and π of equal
strength. Furthermore an equal distribution of the population over the ground state
sublevels is assumed. Thus one can calculate an effective saturation intensity 〈Is〉 by
calculating the average square of the Clebsch-Gordan coeficients [Var88] of all allowed
transitions within the respective hyperfine multiplet (here for the (F = 2 – F ′ = 3)
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transitions) [Din92], [Mar98]:













The index q labels the polarization state of the light (q = ±1 for σ± and q = 0 for π), the
prefactor of 13 account for the average over the polarizations and
1
5 for the average over
the five magnetic sublevels of the ground state.





i.e. compared to a perfect two-level system, twice the intensity are needed to saturate the
cooling transition. For most alkali atoms, this would be a good approximation to estimate
the atom number from the emitted fluorescence, since the trap population mainly cycles
on these transitions and there is no significant excitation of the other hyperfine structure
levels.
However, for an estimate of the atom number within a factor of two, the above approxima-
tions are sufficient. For a more accurate description of the situation in the lithium atom,
a rate equation model based on averaged transition rates should be considered, modeling
the D2-line as a 3-level system, with the |F = 1〉 and |F = 2〉 states as ground states and




This chapter describes in detail the experimental apparatus developed in the course of
this thesis. First of all, section 3.1 gives a general introduction to the principles and
applications of the reaction microscope and momentum spectroscopy. Section 3.2 briefly
discusses the experimental implications arising from the combination between a magneto-
optical trap and a reaction microscope. The succeeding sections account for a description
of the different components of the experimental setup.
3.1 Reaction Microscopes
Figure 3.1: Schematic of a ’classic’ reaction microscope, as used in ion-atom or ion-electron collisions.
Ions and electrons produced by the projectile beam are guided towards position sensitive detectors by
homogeneous electric and magnetic fields. The supersonic jet provides an internally cold target.
The reaction microscope allows kinematically complete experiments on the fragmentation
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of atoms and molecules by particle impact, i.e. the final state momenta of all the charged
fragments emerging from a collision process are determined simultaneously on an event-
by-event basis.
Given a sufficient number of events, this corresponds to a direct mapping of the squared
final state wave function of the collision system or Fully Differential Cross Section (FDCS).
In an ionizing collision, an ion and one or several low-energetic electrons are produced. By
recording the full momentum vector of each of the collision products, the full kinematics
of this process can be reconstructed. For a total number of particles in the final state N
(including the projectile), and provided precise knowledge of the initial momenta of the
collision partners, a set of N -1 measured final momenta allows the determination of all














Here, piP denotes the initial (before the collision) and p
f
P the final (after the collision)
Figure 3.2: Detection of all target fragments (here triple ionization of lithium by electron impact) enables
a kinematically complete mapping of the ionization process, if the initial momenta of target and projectile
are well prepared. All kinematic quantities such as the net momentum transfer q from the projectile to
the target atom can be reconstructed.
projectile momentum, piR, p
f
R are the initial and final momenta of the target atom and
recoil-ion, respectively. pfej are the momenta of the liberated electrons and p
f
γl the ones of
eventually produced photons. The momenta carried and transferred by photons (even in
multiphoton ionization) are usually negligibly small compared to the ionic and electronic
momenta, so they can be omitted from the momentum balance to considerably simplify
analysis and interpretation of data, and only have to be taken into account in the energy
balance.
Assuming the target atom was prepared to a well defined initial momentum state, the
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reference frame to describe the collision is chosen such that piR can be set to zero. Com-
pared to the momenta of the fragments, which are typically on the order of a few a.u.
at maximum, the projectiles in an ion-atom- or electron-atom collision are usually high
energetic and remain undetected.
The reaction microscope is essentially a combination of a recoil-ion spectrometer and an
electron spectrometer, each with the capability to measure the momentum vector of the
registered particles. This is accomplished by projecting the recoil ion and the ionized elec-
trons onto time- and position sensitive detectors by weak electric- and magnetic fields. By
knowledge of the external fields, the final state momentum vector (px,py,pz) of a particle
emerging from the collision can be recalculated from the impact position on the detector
and the time of flight (x,y,t). The working principle of the reaction microscope is illus-
trated in Fig. 3.1
For the slow and low energetic recoil ion a homogeneous electric field of a few V/cm is
sufficient, while the fast and high energetic electrons are additionally radially confined by
a homogeneous magnetic field of a few Gauss.
The concept of imaging spectrometers has several advantages:
First of all, by properly adjusting the extraction fields, an acceptance for all target frag-
ments of 4π can be achieved, i.e. there is no selectivity in energy or direction, and the
whole final state phase space of the reaction is covered at once. This is the decisive advan-
tage, when processes with low cross section or a larger number of fragments involved are
examined. Already a kinematically complete measurement on single ionization by electron
impact demands the coincident detection of 2 particles, not to mention double or triple
ionization, where more particles have to be detected. Conventional electron spectrome-
ters have typical detection solid angles of Ω4pi ≈ 10−3. In a coincidence experiment, two
detectors would be employed, where one of them is scanned over the angle with respect
to the other detector to cover the different collision geometries. In this case, a reaction
microscope brings about an increase in the detected phase space by a factor of 106.
Furthermore, the recoil-ion spectrometer identifies the species and charge state of the ion
by its time-of-flight, thus allowing purification of the data from events stemming from
ionization of residual gas atoms or when an electron was not detected. However, the ex-
perimentalist has to take care, that on average no more than one atom is ionized within
one projectile shot. Multiple events can aggravate the identification of correlated electrons
from the same source atom or even render it impossible.
3.1.1 Target Preparation
The high momentum resolution of the recoil ion spectrometer and the requirement that
the initial momenta of projectile and target have to be well defined, demands that the
momentum spread of the target due to thermal motion must be drastically reduced, i.e.
the target gas has to be cooled. Therefore, this technique is known as COLd Target Recoil
Ion Momentum Spectroscopy (COLTRIMS).
To understand the crucial importance of a cold target, it is instructive to consider some
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representative values of kinetic energy and momentum: At room-temperature (≈300 K),
the mean translational energy of a particle along one dimension is 130 meV. Expressed in
terms of a momentum spread, which largely determines the achievable resolution in mo-
mentum spectroscopy, the momentum of an electron is smeared out by roughly 0.09 a.u.,
but the impact on the momenta of the much heavier ions is truly dramatic: The mo-
mentum spread of an ion at room temperature amounts to 4.17 a.u.
√
m[amu], resulting
in 8.3 a.u. for helium and 11.0 a.u. for lithium, which is, even for the lightest of target
atoms, well above the momenta imparted on the electrons and ions in atomic fragmenta-
tion reactions, which are on the order of 1 a.u..
Supersonic Jets
Figure 3.3: Schematic of a supersonic jet (from [Ull03b]). To reduce the gas load in the experimental
chamber, two or more collimation- and differential pumping stages are needed.
The state-of-the-art method of preparing a cold target with temperatures in the sub-K
range is adiabatic expansion of a pressurized gas (several bar) through a small nozzle with
a typical diameter of 30 µm into a vacuum vessel, such that an internally cold atomic beam,
the ’supersonic jet’, is formed. In the process, the free enthalpy of the gas, H = (5/2)kBT
(its internal energy plus the work p dV required to press the gas through the nozzle), is
almost entirely converted into directed translational energy. Depending on the parameters
of the expansion process, such as nozzle diameter, pressure, temperature and the species
of the used gas, internal jet temperatures of less than 1 K are easily reached, which can
be further lowered if the gas is cooled down from room temperature prior to expansion,
for example by a cryogenic nozzle or a cooled gas reservoir. Moshammer et al. [Mos96]
report on internal temperatures of 2 mK for a jet of helium, that had been pre-cooled
to 30 K. Through geometric collimation of the beam by conical apertures, called skim-
mers, almost arbitrarily low transversal (perpendicular to the propagation direction of
the jet) temperatures and momentum spread can be realized, of course at the expense of
target density. This method is readily applied to all kinds of atomic and molecular species
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present in the gas phase at room temperature. For more details on the preparation of
supersonic jets and their application to recoil-ion momentum spectroscopy, the reader is
referred to [Mil88], [Ull03b], [Mos96].
Magneto-Optical Traps
The only other known method of preparing a dilute atomic gas with comparable and even
lower temperatures is laser cooling, as applied in this experiment (described in detail in
section 2.1). By laser cooling of atoms in magneto-optical traps target temperatures below
500 µK are routinely achieved.
In addition to its ultralow temperature a magneto-optical trap constitutes a well local-
ized target with zero drift momentum and offers additional possibilities of initial target
state preparation. Once trapped, the atoms have no superimposed drift velocity as in a
supersonic jet and remain in the interaction zone for at least 1 ms even when the trapping
potential is switched off, leaving enough time for further manipulation. Inherently the
MOT-principle holds the possibility of examining excited states by simply irradiating the
target with the MOT-lasers during the collision. In a more refined scheme, the electronic
angular momenta of the ground and the excited state of the MOT-transition could be
aligned with respect to a fixed-in-space axis by optical pumping to a particular magnetic
sublevel. In combination with the recently completed polarized photo-electron source, a
completely new field for fully differential studies opens up.
Furthermore, by the use of additional laser frequencies excitation to higher lying states is
also possible, as well as photoionizing the atoms prior to the actual scattering process.
3.1.2 Reconstruction of Momenta
In a recoil-ion spectrometer, the residual ions are projected onto a position sensitive de-
tector by weak homogeneous electric fields in a typical range of 0.5 V/cm to 2 V/cm over
distances of a few 10 cm. The acceleration enforced on the ions is high enough to image
them onto a detector with diameters of typically 40 to 80 mm irrespective of their initial
momenta. In the reaction microscope, the ion spectrometer is extended by an electron
spectrometer, employing the same field configuration. Due to their negative charge they
are guided towards a second position-sensitive detector on the side opposite to the ion
detector. With the electrons having about the same momenta as the ions and thus a
much higher energy and velocity, the weak ion extraction field could only image a small
fraction of them directly onto the detector. This problem is resolved by adding a homo-
geneous magnetic field parallel to the electric field, which is generated by a pair of coils in
Helmholtz configuration: The field-induced cyclotron motion of the electrons now confines
their trajectories within the spectrometer volume. This slightly complicates recalculation
of the initial momenta, but enables a 4π-acceptance for electron detection as well.
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Time and Position Focusing
The detected electrons and ions originate from an extended source volume given by the
overlap of the projectile beam with the target, introducing an additional uncertainty into
the calculation of their initial momenta. This effect is partly compensated, when the ac-
celeration region (length a) of the spectrometer is followed by a field free (maintaining
the maximum acceleration potential) drift region or drift tube of double the acceleration
length d = 2a. Then the time-of-flight of particles with equal energies does not depend
on their source point any more, provided the deviations from the origin are only small.
This condition is called time focusing, also known as Wiley-McLaren configuration [Wil55].
By this configuration, larger interaction volumes can be tolerated without degrading the
momentum resolution along the spectrometer axis (longitudinal momentum).
It is even possible, to realize field configurations, in which ions of same transversal momen-
tum, but different starting positions transversal to the extraction direction, are imaged
to the same spot on the detector, while at the same time the information on longitudinal
momentum is preserved. This mode of operation is called position focusing [Do¨r97]. Its
implementation requires the use of at least one electrostatic lens and substantially longer
drift tubes (≈ 5a–10a). The optimum field profile has to be found from numerical sim-
ulation of the trajectories, as well as the momentum calibration. Nevertheless, this field
configuration has the decisive advantage of maintaining a high resolution, if the source
region extends over several mm in the direction perpendicular to the extraction field.
Ion Momentum Reconstruction
Due to the axial symmetry of the spectrometer fields, the imaging properties of a reaction
microscope are best described in cylindrical coordinates. This axis of symmetry is given
by the direction of the parallel magnetic and electrostatic fields, defining the direction of
extraction. Whenever possible, the symmetry axis of the collision process under consider-
ation (momentum of projectile beam, polarization of a laser field) is made coincident with
the spectrometer axis. The momentum component along the spectrometer axis will be la-
beled longitudinal momentum or p‖, the perpendicular component transversal momentum
or p⊥ in the following. From Newtonian dynamics it follows, that the time-of-flight of a
particle of mass m, charge q and an initial longitudinal kinetic energy E‖ is expressed by













where the ’+’-sign in the denominator applies if the particle is emitted towards the de-
tector, and the ’−’-sign for the opposite direction. U is the acceleration potential, a the
acceleration distance and d the drift length of the spectrometer. The prefactor f depends
on the choice of units, if, for practical purposes, t is specified in ns, a and d in cm, E‖ and
qU in eV and m in atomic mass units amu, it has the value








From the measured time-of-flight t(E‖) of the ion, longitudinal energy and momentum
are reconstructed. Solving (3.2) for the longitudinal momentum p‖(t) =
√
2mE‖(t) can
only be done numerically or by an approximating function, since there is no analytical
expression for the inverse function of t(E‖). For the case of ions however, the energy
gained from the extraction field qU (eV) is much larger than the initial kinetic energy E‖
(meV), so that a first-order Taylor expansion for small energies around zero is justified:






For the longitudinal momentum p‖ in atomic units one finds (using the same units as in
(3.3)):






This demands an independent determination of t(E‖ = 0), which can be inferred from
momentum conservation within the collision system or from the symmetry properties of
the collisional process.
The transverse momentum p⊥ of the recoil ion is derived from the arrival position (x,y)
on the detector. To calculate p⊥, the hit position of ions with vanishing transversal
momentum (x0,y0) has to be assigned. This is done by finding the center of rotational
symmetry in the position spectrum, if an axially symmetric reaction is studied. The recoil-
ion’s arrival radius r =
√
(x− x0)2 + (y − y0)2 obviously depends on its transversal
momentum p⊥ and its time-of-flight t(E‖). Time-of-flights for characteristic extraction
voltages are on the order of some µs, whereas the width of the time-of-flight distribution
is only a fraction of a few thousandths of the total time-of-flight. When calculating p⊥
from the arrival position, the initial longitudinal momentum of the ion can be neglected.









For the reconstruction of longitudinal electron momenta, which are unaffected by the
magnetic extraction field, (3.2) equally applies. However, the initial energy E‖ is on the
same order of magnitude as the acceleration potential qU , so that the approximation (3.4)
is no longer valid. In this case, the non-linear equation (3.2) has to be solved for Ee,‖ for
each individual event, e.g. by the iterative Newton’s method [Bro01].
The transversal motion is strongly affected by the guiding field: The electrons are forced
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Figure 3.4: Left :Typical raw electron spectrum from single ionization of H2 by 6 MeV proton impact,
measured in our group: Radial displacement r of electrons on the detector is displayed vs. the electron
time-of-flight. The solid lines are calculated impact coordinates for isotropically emitted electrons with
kinetic energies between 10 eV and 50 eV (steps of 10 eV). Right : Defintion of the geometrical quantities
involved in electron momentum reconstruction. The projection of the electron trajectory onto the detector
plane is indicated in green.
which depends only on the strength of the extraction field B. The radius R of the cyclotron





Figure 3.4 shows a projection of the trajectory onto the detector (x, y) plane. The origin
of the coordinate system is again fixed by the impact position (x0, y0) of electrons with
zero transversal momentum. By geometrical considerations the radius r of the hit position
on the detector can be related to the cyclotron radius R and the time-of-flight t by
R =
r
2| sin(ωt/2)| , (3.9)
so with (3.8), one obtains
p⊥ =
qBr
2| sin(ωt/2)| . (3.10)
The initial emission angle in the detector plane φ is determined by
φ = θ −mod(ωt/2, 2π), (3.11)
as in the experimental situation the electrons perform several full turns on their trajecto-
ries.
(3.9) demonstrates, that independent of their transversal momentum, all electrons with a
time-of-flight that is an integer multiple of T = 2piω will be mapped to the center point of
the detector (r = 0). This implies that near these time-of-flights, all position information
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is lost. Spectra with the time-of-flight t as abscissa and the hit radius r as the ordinate,
show a characteristic nodal structure, with the nodes appearing at t = T . What may
seem disadvantageous at first glance, actually allows an exact calibration of the absolute
time-of-flight. In the experimental situation, the absolute time-of-flight of the electrons
(some 10 ns) is hardly determined by direct measurement. The timing signals are likely
shifted by signal delays and electronic processing times, which are on the same order of
magnitude as the electrons’ time-of-flight. Since the time difference between two nodes
corresponds to one cyclotron period T , the actual zero point of the time axis can be ex-
trapolated to be at an integer multiple of T (’the time-of-flight of an electron with infinite
initial energy’). The left hand side of Fig. 3.4 is a typical electron spectrum, plotting the
radial displacement r versus the time-of-flight t.
Reconstruction of the transversal momentum requires accurate knowledge of the axial B-
field (see (3.10)), which is hardly measured inside the vacuum chamber or assesed from
calculations with the needed precision. The time difference between the nodes in the time-
of-flight spectrum yields an accurate measure for the cyclotron period T and together with
(3.7) for the magnetic field B.
Nevertheless, this method of electron detection introduces some complications: Firstly,
the transversal momentum resolution is dependent on the time-of-flight and on the hit
radius r (a larger radius enables a more accurate determination of the angles θ, φ) and
vanishes altogether at the nodal points. Still, this deficiency can be overcome by combining
data sets from different runs with changed magnetic fields to shift the ’wiggle’-structure
in time. Secondly, the ion trajectories remain not unaffected by the magnetic field. But as
the cyclotron frequency of the ions is larger by a factor mR/me compared to the electron
one, while the time-of-flight scales by
√
mR/me at most, the arc angle ωt covered by the
ion trajectory is only a fraction of a full revolution. In most cases this effect is sufficiently
compensated by rotating the ion position distribution by the corresponding angle.
3.1.3 Particle Detection
The time- and position sensitive detectors consist of a microchannel plate (MCP) for
particle detection by secondary electron multiplication and an anode encoding the impact
position of the charge cloud into electronic signals.
A multichannel plate consists of an array of glass tubes of a few micron diameter fused
together to form a thin disc. Both faces of the disc are metallised to provide parallel
electrical connections to all channels. With a potential difference of 1000 V between the
faces, each channel becomes an independent electron multiplier with a gain of about 104.
By stacking of 2 or 3 MCPs, the net gain is further enhanced. Due to the channel structure,
the information about the impact position of the particle is preserved by the produced
charge cloud. The charge cloud is accelerated towards and picked up by a position encoding
anode, where it produces a voltage signal that can be processed electronically, to retrieve
the impact position of the primary ion or electron.
Common techniques for position sensitive anodes are wedge-and-strip anodes [Mar81] and
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delay-line anodes (see Section 3.4).
3.2 Combination of a Reaction Microscope with a MOT
Combining a MOT with a reaction microscope demands some major modifications on
the conventional reaction microscope scheme. The otherwise relatively standard designs
of the magneto-optical trap as well as the reaction microscope have to be adapted to be
compatible with each other without sacrificing operability or performance. In the following
sections, the mode of operation and the demands on the design of the setup are explained.
3.2.1 Mode of Operation
The most critical point in bringing both techniques together, is the fundamental incompat-
ibility between the magnetic gradient field of the MOT and the requirements of electron
momentum spectroscopy: The MOT magnetic field is typically operated at gradients of
5–30 G/cm, whereas the homogeneous electron extraction field of the reaction microscope
is run at field strengths of 3 up to 10 Gauss. Because of the weak response of the recoil
ions to magnetic fields, the presence of the MOT field is tolerable under certain circum-
stances [Wol97], when only the time-of-flight of ions is detected: Since the extraction
proceeds parallel to the field lines of the MOT’s quadrupole field, there is no noteworthy
impact on the momentum distribution along the time-of-flight axis, indicating that no
energy transfer between the longitudinal and transversal degrees of freedom occurs. In
transversal direction, the influence of the magnetic field already leads to a distortion of
the hit position image on the detector. A displacement and deformation of an ion spot
into an ellipse, which would appear circular in the absence of the magnetic field, is ob-
served [Ngu04]. To eliminate this effect, the magnetic field can be switched off during the
data acquisition period, in order to create field-free conditions during ion extraction, as re-
alized for example in the MOTRIMS-experiments on capture reactions with Na of Knoop
et al. [Kno05], [Kno03], [Tur01]. In electron impact experiments, the technique of rapidly
switching the magnetic fields has been applied to avoid the deflection of low energy electron
beams. Examples are the measurements on the ratio of single- to double- and triple ioniza-
tion of lithium atoms from a MOT-target by time-of-flight spectroscopy [Hua02], [Hua03],
and the determination of the total scattering cross section of metastable helium He(23S1)
by observation of the impact induced trap loss in a MOT [Uhl05]. However, no momentum
spectroscopy was carried out in the latter cases.
For momentum resolved spectroscopy of low energy electrons (<100 eV), where already
small inhomogeneities of the extraction field can significantly reduce the resolution, it
is crucial that the electron trajectories are not distorted by residual components of the
MOT-field or stray fields of eddy currents, induced in conducting parts of the setup by
the fast switching of the magnetic fields. If, on the other hand, the trapping forces of
the MOT are turned off, the cloud of cold atoms will expand ballistically with thermal
velocities, which, albeit low at representative MOT temperatures of about 1 mK, are still
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on the order of 1 m/s for lithium. This means, after release from the trap, the cloud will
diminish quickly within some ms and the atoms will be lost, making a reloading of the
trap necessary. This process in turn takes several seconds.
Gathering enough events for the reconstruction of high dimensional fully differential cross
Figure 3.5: Schematic of the applied timing sequence. The dashed line gives the switching waveform of
the MOT’s magnetic field.
sections of rare events like triple-ionization requires highly efficient data acquisition, re-
ducing ’dead times’ due to loading of the trap as much as possible. Therefore a pulsed
mode of operation is adopted, where the MOT-target is recycled by subsequent release
and recapture several hundred times. Figure 3.5 presents a typical experimental timing
sequence: Once the trap is loaded to the desired atom number or density, the loading beam
is shut off, and the MOT-field is ramped down within 400 µs, leaving a field-free period
of at least 1 ms for data acquisition, before the MOT-field is ramped up again and the
expanded sample is recompressed and cooled again for approximately 3 ms. This cycle is
repeated several hundred times, before the target density is considerably reduced and the
trap has to be loaded again (see chapter 4). To accomplish a well defined, fast switching
of the magnetic field, a current regulator, capable of switching currents of up to 100 A
from an inductive load within 400 µs at repetition rates of 300 Hz, had been developed in
cooperation with the electronics department of MPI-K (see section 3.5).
Compared to a reaction microscope using a supersonic jet, which is operated continu-
ously, the MOT-setup demands precise and widely configurable timing of the experimen-
tal sequence on timescales ranging from seconds (trap loading) to 10 µs (field- and laser
switching). Additionally, the system should be able to synchronize the sequence with any
projectile trigger signal with microsecond accuracy. For this purpose an experimental con-
trol system based on an ADwin Gold (JA¨GER MESSTECHNIK) real-time sequencer system
was implemented (see section 3.8).
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Process σ3+/σ2+ σ2+/σ+
Electron impact 1000 eV 1.08(0.15)×10−3 0.395(0.02)×10−3
Photon impact 424 eV 1.8(0.6)×10−3 3.7(0.1)×10−3
Table 3.1: Ratios of triple- to double ionization and double- to single ionization by 1000 eV electron
impact [Hua03], [Hua02]. Also shown are data by Wehlitz et al. on the ratios for photoionization by
424 eV photons from synchrotron radiation ( [Weh98] for triple-to-double and [Hua99] for double-to-single
ionization).
In view of the planned electron collision studies on the four- and five-body Coulomb con-
tinuum, realized by double- and triple ionization of lithium by low energy electron impact,
we give some exemplary acquisition rates for kinematically complete events. These are
based on the measured cross section ratios for triple-to-double and double-to-single ion-
ization of Huang et al., [Hua03] (see table 3.1). For electron energies closer to threshold,
the corresponding cross section ratios will be even lower. Given an electron gun, that can
be pulsed at a rate of 500 kHz, the cathode current is chosen such that about every tenth
pulse an event is registered. This reduces the probability of two or more atoms being
ionized by the same pulse to less than 10 %. As in electron collision experiments typically
up to 5 times more electrons than ions are registered due to spurious background signals
from secondary electrons and background gas ionization, an event rate of about 10 kHz
for an electron-ion coincidence is expected. A detector efficiency for electron detection
of roughly 50 % further reduces the coincidence rate for capturing a complete event of
double- or triple-ionization.
Inserting the values of Table 3.1 yields a rate of 2 events per second for Li2+ and a Li3+
event every 1000 s or 15 minutes. Still the experimental dead time due to trap loading and
the recapture process have to be taken into account. Using an exemplary experimental
sequence with a loading time of 5 s, a data acquisition phase of 1 ms and a total of 3.5 ms
for trap shutdown and recapture, repeated 1000 times, the duty cycle of the measurement
will be 1 s in 8.5 or slightly above 10 %. This example demonstrates, that even with a
maximized event rate by optimization of the MOT-parameters and the switching proce-
dure, the acquisition of datasets on double- or triple ionization needs stable and reliable
operation of the apparatus for periods from days to weeks.
3.2.2 Overview of the Setup
At the heart of the assembly is the combined ion- and electron spectrometer with an ac-
celeration length of 10 cm and drift tubes of 20 cm length (displayed in Fig. 3.8 and Fig.
3.9). In order to achieve a good momentum resolution in the direction transversal to the
extraction field, the spectrometer had to permit the use of large area MCP detectors with
an active diameter of 80 mm. Since the radii of the cyclotron motion of the electrons have
similar dimensions, when the possible transversal momentum resolution is fully exploited,
a cylindrical volume of that diameter has to be enclosed by the spectrometer. Therefore
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Figure 3.6: Schematic of the MOT reaction microscope, displaying the essential components of the
spectrometer (green) and MOT (yellow). PSD : Position sensitive detector.
the pair of coils generating the gradient field for the MOT had to be built around the
spectrometer, which in turn is a compact construction in order to allow a spacing between
the anti-Helmholtz coils of no more than 10 cm (see section 3.5).
Since the six MOT laser beams need to access the center of the trap (four of them at angles
of 45 degrees with respect to the spectrometer axis, and two from the top and bottom,
respectively), the spectrometer has to be open at the sides. This also guarantees easy
access to the trap region for any kind of projectile beam in an axis e.g. perpendicular to
the spectrometer axis, as well as for diagnostic means and the atomic beam to load the
trap.
The homogeneous electron extraction field is operated at field strengths of 3–10 Gauss. In
contrast, the gradient of the MOT-field in the radial direction, i.e. also along the direc-
tion of extraction, has typical values between 5 and 10 G/cm. Thus the superimposed
Helmholtz field of the spectrometer has a detrimental effect on the MOT, because it shifts
the point, where the magnetic field is zero and which defines the position of the MOT, by
several mm. This complicates alignment of the trapping and projectile beams and can de-
grade the resolution of the spectrometer, as the time focusing condition is not well fulfilled
any more. For this reason, a pair of compensation coils in Helmholtz configuration along
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the spectrometer axis is added, locally counterbalancing the extraction field to retain a
well defined MOT position. This pair of coils is then switched simultaneously with the
MOT-coils. The electron extraction field is generated by a set of Helmholtz coils of 1.8 m
diameter, surrounding the whole apparatus, to ensure excellent homogeneity along the
spectrometer’s drift distance.
The problem of eddy currents induced by the switching of the magnetic field in nearby
conducting objects, for instance the vacuum chamber, support structures and electrodes,
is addressed by eliminating all closed conducting loops [Ded01]. This is achieved by cut-
ting all ring-like structures like the spectrometer electrodes or the coil holder radially or
inserting a piece of insulating material.
The materials for the in-vacuum components have to be carefully selected, since the fol-
lowing specifications must be met:
Firstly, vacua of 5×10−11 mbar or better should be achievable. The lifetime of the laser
cooled sample and its loading rate are inversely proportional to the background pressure
within the vacuum chamber, i.e. good vacuum conditions facilitate faster loading of the
trap and enable higher target densities. At the same time, the rate of background events
due to ionization of residual gas atoms and molecules is greatly reduced. This in turn
demands, besides that only materials with low outgassing rates may be used, that the
whole main chamber and its components must be bakeable at temperatures up to 200◦C.
Secondly, to avoid distortions of the electron extraction field, all materials close to the
spectrometer region should posses a relative permeability µr = µ/µ0 of close to unity.
This restricts the choice of materials to metals like low permeability stainless steel, alu-
minum and copper, polymers like kapton (polyimide) or PEEK (polyetheretherketone),
ceramic materials like alumina and finally glass.
Efficient loading of the magneto-optical trap is accomplished by a directed beam of slowed
down atoms from a Zeeman slower (see section 3.7). This method allows to maintain
excellent vacuum conditions, while at the same time providing high loading rates.
3.3 Experimental Chamber and Vacuum System
The main vacuum chamber, also termed experimental chamber consists of a spherical body
of 40.5 cm diameter and is manufactured of 1.4435 stainless steel. Figure 3.7 shows a top
view and a side view of the chamber geometry. A total of 6 CF200, 4 CF100 and 12 CF63
ports are available, all of them pointing to the center of the chamber. The 6 CF200 ports
are for access and the insertion of large parts like the spectrometer and the MOT-coils
into the chamber. The ports along the (vertical) z-axis are occupied by the MOT-coil
assemblies. Along the spectrometer (x-)axis, the detector chambers are attached. They
consist of CF250 tubes of 24 cm length, enclosing the outer part of the drift tubes and the
detectors. The detectors themselves are mounted on a CF250 flange and can be inserted or
removed as a whole unit. Two CF150 ports and one CF100 port on the detector chamber
provide additional mounting capabilities. Presently, a titanium sublimation chamber with
water cooled deposition screens is attached on top of the electron detector housing. The
60
3.3. Experimental Chamber and Vacuum System
Figure 3.7: a) Top view of the experimental chamber. b) Front view of the experimental chamber.
remaining two CF200 ports are closed by one 2×CF40/CF63 and one 3×CF40 cluster
flange. Line-of-sight access to the center of the chamber is only possible in the equatorial
plane, since the other directions are obstructed by the MOT-coils and the spectrometer
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electrodes.
As indicated in figure 3.7, these ports provide three axes through the center at mutual
angles of 18 degrees. They are occupied by the Zeeman slower and its counter propagating
laser beam, a photo diode and a CCD camera for monitoring the MOT fluorescence, and
the projectile beam. In the measurements presented here, fs-laser pulses were used, which
were focused onto the MOT-target by a spherical mirror inside the chamber, attached
to an adjustable mirror mount. The six MOT-beams are introduced into the chamber
through anti-reflection coated windows, the top and bottom beams passing through the
MOT-coils. In the horizontal plane, the four CF63 flanges enclosing an angle of 45 degrees
with the spectrometer axis (displayed with viewports in Fig. 3.7) are employed. The top
CF100 ports are mainly used for the connection of pumps (two VARIAN 300 l/s turbo
pumps and one SAES getter pump), whereas the remaining CF63 flanges can be utilised
for ion gauges, electrical feedthroughs for the spectrometer voltages and other purposes.
All tubes and flanges are made of 1.4435 (316L) or 1.4429 (316LN) (DIN Werkstoff-
Nr./AISI code) stainless steel, which have a low magnetic permeability (less than µrel=1.005
for 1.4429-steel), low outgassing rates and a high temperature stability (the knife edges of
the flanges might get dull after repeated cycles of baking due to annealing of the material
otherwise).
3.4 Spectrometer and Detectors












Figure 3.8: Schematic of the time focusing spectrometer and its electrical connections.
According to section 3.1.2, a time-focusing field geometry is achieved, if the acceleration
length a is chosen half the length d of the field-free drift region. The spectrometer devel-
oped for the MOT-apparatus was designed with an acceleration length of a=10 cm and a
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drift length of d=20 cm on the ion- as well as the electron side. The linear potential gradi-
ent of the acceleration region is emulated by a series of discrete ring electrodes: Adjacent
electrodes are connected by resistors, thus forming a voltage divider, which ensures equal
potential differences between the neighbouring electrodes. In this way, the homogeneous
acceleration field is created.
For the ease of manufacture, all spectrometer electrodes were made from identical rings
Mountingrail
Electron drift tube Ion drift tube
Figure 3.9: Photograph of the assembled spectrometer.
of AlMg3 aluminum alloy with an outer diameter of 11.2 cm. The rings forming the in-
ner part of the spectrometer, were then cut accordingly to fit in between the MOT-coils.
A nose along the inner circumference of the rings aims to fix the potential applied by
the voltage divider at the middle of each electrode. This leaves a cylindrical volume of
83 mm for the particles trajectories, so that the full active area of the 80 mm diameter
microchannel plates is covered by the charged particles. Due to the spatial constraints,
the electrons’ orbits can come very close to the electrodes’ surfaces. In order to avoid
a degradation in the resolution of the spectrometer due to inhomogeneous surfaces, e.g.
layers of aluminum oxide, which may charge up, the spectrometer electrodes have been
galvanically gold-plated. The induction of long lived ring currents within the electrodes
by the rapidly varying trapping field, is avoided by cutting the rings radially.
The central acceleration part of the spectrometer does actually not consist of full rings,
but of a top- and bottom array of electrodes, leaving a rectangular opening of 30 mm
height at the sides of the spectrometer. This provides unhindered passage of large radius
MOT-laser beams, which are introduced into the chamber at an angle of 45◦with respect
to the spectrometer axis, and full optical access to the target by any projectile beam and
diagnostic means. The top- and bottom electrode arrays each have an independent voltage
divider to apply the appropriate potentials. Each one is made of a chain of 16 ordinary
18 kΩ thin-film precision resistors, specified to 0.1% accuracy. Before the resistors were
built in, they had been baked in a vacuum oven for outgassing and ageing. This procedure
ensures, that the parts will not change their resistance after a bake-out in the vacuum
chamber itself, and resistors, that experienced a change of value by the application of heat
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can be singled out. The potential differences between opposing upper and lower electrodes
arising from assymmetries between the two voltage dividers were measured and found to
be on a level of 10−4 of the absolute value at most. Thus, they can be considered to be
negligible.
For assembly, four M4 threaded rods are screwed into the end-electrode and 6×4 mm
alumina ceramic tubes are slid onto them. The electrodes are then simply stacked up one
upon another on these tubes. Ceramic spacers of 1.6 mm length, fitting into the 8 counter-
bores on each ring side, maintain the distance of 1 mm between the electrodes’ faces and
provide electrical insulation. The whole assembly is fixated by pressing the parts together
by tightening a nut on a washer made of Vespel on the electron side.
The concept of using individual ring electrodes has the advantage that individual elec-
trodes can be easily exchanged. In view of the planned upgrade of the ion spectrometer
to a position-focusing geometry, a standard electrode can be replaced by an electrostatic
lens element in a straightforward manner. For the electron branch of the spectrometer,
no such modifications are expected, therefore the drift tube is simply made of a sheet of
stainless steel, rolled to a diameter of 10 cm.
The spectrometer is screwed onto a mounting rail (see Figure 3.9), supported by ceramic
rings for electrical insulation, while the electron drift tube rests on two seats made from
PEEK. The whole spectrometer assembly is mounted onto a baseplate inside the main
chamber. As indicated in figure 3.8, the end of the drift sections is defined by the front-
plate of the detectors, which are set to the same potentials as the drift tubes.
Figure 3.10 is a drawing of one of the acceleration electrodes. It highlights some details of
the construction of the electrodes. The overlap between the rings completely shields the
inner of the spectrometer from the influence of external fields. Insulators in vacuum, such
as the ceramic tubes used for insulation and as spacers, can charge up to very high poten-
tials by attachment of stray electrons (electrons from an electron gun, secondary electrons
produced by projectile or ionized electrons impinging on metallic surfaces) and severely
disturb the spectrometer field, so this construction largely minimizes these problems.
Finally, a simulation with the of the spectrometer field was performed to test for any detri-
mental influence of the openings at the sides of the spectrometer. A CAD-model of a part
of the spectrometer was imported to the TOSCA electrostatics solver and the potentials
calculated. The influence of the opening turned out to be surprisingly uncritical, even
though the boundary representing ground potential was placed only 1.5 cm away from
the opening. Any potentially harmful influence is removed by attaching wires protrud-
ing into the horizontal plane to the lower and upper electrodes, to extend the volume of
well-defined electrode potential.
3.4.2 Detector System and Data Acquisition
The time- and position resolved particle detection is accomplished by a combination of a
MCP-stack in Chevron-configuration (2 plates) and delay-line anodes. Delay line anodes
(Fig. 3.11) provide the best combination of high signal rate capability and good position
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Figure 3.11: Left : Illustration of the principle of delay-line anodes. Right : Photograph of the home-
built hexanode of the electron detector. The additional third layer of wire enhances the capability of
reconstructing multiple events as in double- or single ionization.
resolution. Along each dimension, a wire is wound around a support frame with a pitch
of 1 mm per revolution (see the schematic on the left hand side of Fig. 3.11). The
electron cloud induced by an impacting particle is picked up by the positively biased wire
and produces a charge pulse, that travels along the wire in both directions. The position
65
Chapter 3. Experimental Setup
measurement is reduced to a time measurement: The start signal for the time-measurement
is usually supplied in form of a trigger signal associated with the projectile beam or a
particular reaction fragment like the first electron hit, whereas the stop-signals are derived
from the pulses picked up at the each end of the delay-line’s wire. The voltage pulses are
capacitively outcoupled from the high-voltage supply lines, that keep the detector parts
at the appropriate potentials. The signal from the impacting particle is then extracted by
a differential amplifier, rejecting the common-mode noise on both wires. Further signal
processing is done by constant-fraction discriminators (CFDs), converting the analog signal
into a digital NIM-standard signal to provide a stop signal for the time-measurement by
a time-to-digital converter (TDC).
To suppress ambient electro-magnetic noise picked up by the anode wire, in practice a
pair of wires is used, the signal- and the reference wire. The signal wire is biased with a
more positive potential in order to collect the main fraction of the charge. The difference
between the arrival times of the signal generated by the charge cloud at both ends of the
wire is proportional to the spatial coordinate. The position resolution is not fundamentally
limited by the spacing of the wires, since the charge cloud extends over several turns of
the wire. This effect and the pulse dispersion along the wire, lead to a cloud centroid
averaging. Thus one can define an effective propagation velocity perpendicular to the
wire’s windings v⊥ (typically on the order of 0.5 mm/ns), which relates the measured
times to the position.
Assuming the propagation time to each end of the delay line is given by tleft and tright, the
measured times with respect to a common trigger signal at time t0 relate to the position
as follows:
x = v⊥ ((tleft − t0)− (tright − t0)) = v⊥(tleft − tright). (3.12)
Adding instead of subtracting the measured times yields a constant value, which only
depends on the total length of the signal path (anode wire and connecting cables). The
so-called time-sum is used for a consistency check of the data to filter real events from
noise.
The stop signal of the time-of-flight measurement is picked up from the high-voltage supply
lines of the channel plate: The faces of the MCP-stack can be considered as plates of a
capacitor. Upon particle impact, the generated cloud of secondary electrons effectively
short-circuits cathode and anode side of the MCP-stack, leading to a voltage drop of a
few ns width in the potential difference between front- and backside. This voltage spike is
again coupled out and amplified for further processing.
A schematic of the data acquisition setup is found in section 5.1.2. For ion-detection a
square shaped xy-anode with two layers of windings is employed. For electron detection a
hexagonal delay-line anode [Jag02], briefly hexanode, was built (right hand side of figure
3.11). This delay-line anode allows registration of several electron hits arriving within
a time interval of few nanoseconds as encountered in double or triple ionization. Since
information about particle impact at times and positions very close to each other may
get lost due to dead-times in electronic processing or merging of the pulses, a third layer
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of wire collects redundant position information. This data can be used to reconstruct
multiple events, where position signals along one of the three directions (u, v,w) were lost,
in an off-line analysis [Du¨r06a].
3.4.3 Magnetic Electron Extraction Field
The magnetic electron extraction field is generated by a pair of large diameter coils approx-
imately fulfilling the Helmholtz-condition r = D, where r the radius of the coil and D the
mutual distance. They are encompassing the whole experimental setup to ensure a good
homogeneity within the spectrometer region and in order not to interfere with protruding
parts of the setup, such as the Zeeman slower or the support structure. The conductors
are made of 24 turns of 8×1 mm WICU-tubing, plastics insulated copper tubes, that are
mainly used for building installations. This enabled an easy manufacturing: After winding
the coils on a wooden template, they were wrapped with several layers of duct tape for
fixation and to make them self-supporting. The use of tubes also permits water cooling,
as the coils have to carry currents up to 50 A.
The coils have an inner diameter of 156 cm and are mounted at a mutual distance of
B =0.215G/A×I
x,max
Figure 3.12: Calculated axial magnetic field Bx of the spectrometer coils for different coil spacings D.
Each curve is normalized to its maximum value.
about 80 cm. With 4 winding layers in the axial and 6 layers in the radial direction, their
cross section measures 50×70 mm2. The axial magnetic field Bx of this configuration has
been calculated for different coil spacings D (here D designates the distance between the
inner faces of the coils). Figure 3.12 demonstrates that the homogeneity critically depends
on the alignment of the coils, but a deviation of less than 0.5 % of the maximum value
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throughout the whole spectrometer volume is easily maintained.
The present configuration, partly dictated by the spatial constraints of the support frame
of the experiment, is symmetric with respect to the center region, and the coil spacing is
82 cm. If desired, the homogeneity in the electron branch of the spectrometer could be
further enhanced to 0.1 % by shifting the coils 5–10 cm towards the electron detector as
indicated by the red dashed curve. The field strengths that can be generated amount to
0.215 G/A×I, requiring a current I of 23 A for a 5 G extraction field.
The optimum alignment and orientation of the coils, for example to compensate for the
influence of the earth magnetic field, is best assessed from the quality of the electron time-
of-flight spectrum (see section 3.1.2), which also enables an accurate determination of the
absolute magnitude of the field.
3.5 MOT-Coils and Magnetic Field Switching
This section presents the design of the intra-vacuum MOT-coils and the unique switching
circuitry developed for the high rate release-recapture process.
3.5.1 MOT-Coils
In order to accomplish the rapid switching of the magnetic fields, the following set of
specifications was demanded from the MOT-coils:
• Field gradients along the coils’ symmetry axis of up to 30 G/cm should be possible,
e.g. in order to strongly compress the atomic cloud.
• The switching times have to be kept as short as possible, thus a low inductivity
is required. Since the turn-on time constant τon = L/R is ultimately limited by
the inductivity L of the coils (R denotes the ohmic resistance of the circuit), a low
inductivity allows faster rise-times of the current to the desired value. On the other
hand, the decay time can be made arbitrarily small by introducing a load resistance
Rl into the circuit such that the turn-off time τoff reduces to τoff = L/(R+Rl). This
in turn imprints a reverse voltage of Uind = −LdIdt proportional to the switching
speed of the current dIdt and the inductivity L. Thus a low inductivity allows faster
switching speeds and allows the use of materials and circuit elements less tolerant
to high voltage levels.
• A rapidly varying magnetic flux as produced by switching of the MOT coils, through
any large conducting connected surface or current loop induces eddy currents, which
might decay much slower than the driving field and generate rather chaotic time-
varying fields themselves. In an environment as sensitive to stray fields as an electron
spectrometer, it is not advisable to mount switched conductors outside the vacuum
vessel, as all the magnetic flux has to pass through its walls.
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Approximating a circular coil by a single current loop of Radius r, carrying a current
I, yields the following analytical expression [Dem95] for the magnetic field Bz along the





When combining two of these coils with opposite currents of equal magnitude, placed at
















































This demonstrates two things: First, the smaller the coil dimensions r can be made,
the higher the field gradient for a given current I, and second, any deviation from the
Helmholtz condition r = D for a given r will reduce the ’efficiency’ of the coil in producing
a gradient for a given current. This can be decisive when it comes to the choice of a
suitable power supply or the problem of heat generation by the ohmic resistance of the
coils.
For this and the above reasons, it was decided, to mount the coils within the vacuum
chamber, bringing them as close as possible to the interaction zone. Provided the spatial
constraints, first of all that the spectrometer electrodes have to fit in between the coils,
and approximately conserving the Helmholtz geometry, one can estimate the total current
necessary to produce a gradient of 30 G/cm.





[G/cm] = 1.03 · nI[A× turns]
r[cm]2
(3.17)
a total current of 2918 A×turns.
Coils carrying a total current nI on this order of magnitude, even with a high number of
windings n and when placed in air, require forced cooling in order to limit their operating
temperature. Therefore it was necessary to devise a set of water-cooled coils which were
UHV-compatible at the same time. If, as in this case, the dimensions of the coils (radius r)
and the total current nI are largely determined by the experimental constraints, the only
freedom of choice in the realization of the coil concerns the number of windings n: The
necessary driving current I to produce the desired field is then proportional to 1n , whereas
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the resistance R scales at least with the length of the conductor and thus with the number
of windings: R ∝ n. For the power dissipation P = RI2 then P ∝ 1n holds, which seems
to speak in favour of using as many turns as possible. To estimate the inductance of the





This suggests L ∝ n2. Hence for the time constant τ = LR , which cannot be modified
during the turn-on process as discussed above, we find τ ∝ n. The assumption of ramping





Note that the considerations presented here, strictly apply only for one single coil. As
our MOT-coils consist of a pair of anti-Helmholtz-coils connected in series, their mutual
inductance has to be taken into account for deriving the total inductance of the circuit.
However, for two identical coils of inductance L, the total inductance will always lie be-
tween 2L (no inductive coupling) and 4L (strongest inductive coupling). In conclusion,
a magnet consisting of relatively few windings carrying a high current provides the best
solution in terms of the switching behaviour.
Mechanical Assembly
Since the intra-vacuum placement of the magnets makes water cooling indispensable, 5×3
mm hollow copper wire (5 mm outer and 3 mm inner diameter) was used to construct the
pair of coils, through which the current and cooling water flows simultaneously. Each coil
has 24 windings, 4 layers in the axial dimension and 6 along the radial direction. Prior
to making the coil, the copper tube had been wrapped with 2 layers of 0.125 mm-thick
Kapton-HN foil for electrical insulation of the windings against each other and the coil
holder. Thus a coil package with an inner diameter of 12 cm and an outer diameter of
19.5 cm is formed.
Figure 3.13 shows a CAD-model of a complete coil assembly. The coil assembly is mounted
to a CF200-flange, so it can be conveniently removed or inserted into the vacuum chamber
as a whole. Current and cooling water are guided into the vacuum chamber by a non-
magnetic hollow copper wire feedthrough (CERAMASEAL RF power feedthrough). The
joint between the coil tubing and the feedthrough is established by hard soldering. By
blowing helium through the cooling water circuit and attaching a He-leak tester to the
pumping systen, a leak rate of less than 2 · 10−8 mbar l/s could be ascertained.
The two coils are spaced 10.4 cm apart, so that the spectrometer just fits in between.
Special care has been taken to break any closed conductor loops to prevent eddy currents:
The coil holder is slitted in order not to form a full circle, and three of the four suspensions
of the coil holder are electrically interrupted by ceramic spacers made of Al2O3.
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Figure 3.13: CAD-rendering of a MOT-coil assembly.
Electrical Characteristics
The MOT-coils are capable of producing an axial gradient of 0.282 G cm−1A−1. Figure
3.14 gives the calculated axial field gradient, where each turn of the coil has been approx-
imated by a circular current loop.
With a series resistance of 44 mΩ a heat load between 54 W at 35 A (10 G/cm) and 440
W at 100 A (28 G/cm) is generated. So far the coils have been operated with currents
up to 65 A in continuous duty, where the cooling proved sufficient. The inductance of one
coil was measured to be 75 µH.
3.5.2 Magnetic Field Switching
The fast ramping of the magnetic field is one of the key features of the experiment. From
the electronics side, the targeted specifications were not easy to achieve and the imple-
mentation of a reliable and stable circuit turned out to be a rather lengthy development.
Principle
Figure 3.15 shows the main components of the switching circuitry. The current regulating
element is an Insulated Gate Bipolar Transistor (IGBT) of type EUPEC FZ 800 R 16 KF4
with a maximum current rating of 800 A and a maximum rated voltage between collector
and emitter of 1600 V. The electrical power is supplied by a water-cooled switching power
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Figure 3.14: Calculated axial unit-field (for 1A) of the MOT anti-Helmholtz coils. The inset shows,
that within the MOT region, the gradient can safely be assumed constant. According to 2.18, the radial
gradient is exactly half of the axial one.
Figure 3.15: Block diagram of the field switching circuit.
supply (ELEKTRO-AUTOMATIK EA-PS 9072-170 S04), that can deliver a current of 170 A
at a voltage of 70 V. It is operated in constant voltage mode, keeping the MOT-coils and
the collector of the IGBT at a potential of 30 V. A shunt resistance at the emitter of the
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IGBT senses the actual coil current and feeds the signal to the regulator loop.
To control the current through the MOT-coils, the MOT-switch is connected to the ex-
perimental control system. The ADwin-system supplies a voltage in the range of 0–10 V
at the analog input of the regulator. This voltage defines the amplitude of the operating
current and the amplitude of the switching waveform. In continous operation, the reg-
ulator follows the input voltage, so that, unless the voltage changes proceed too quick,
the coil current can be arbitrarily modulated. For repeated fast switching, a TTL trigger
signal is supplied. Upon the falling edge of the signal, the waveform generation section
creates a falling voltage ramp which forces the regulator circuit to close the circuit. The
ramp’s waveform and the switching times are adjusted such that the induced voltage does
not exceed 800 V, to rule out potential damage to the IGBT. If a rising edge is applied,
a rising slope waveform is created by the waveform generator. With a supply voltage of
30 V risetimes for currents of 70A of 450 µs are possible.
To protect the IGBT from destruction by undefined operating conditions that could cause
high voltage spikes, for example by applying of erroneous pulse sequences, a comprehen-
sive interlock logic was developed. During the execution of a current ramp, the external
input is locked, so that, e.g. during the 400 µs of rampdown time no trigger signal for
turning on the current again is applied and vice versa. In such a case the regulator module
will indicate a ’pulse error’ and stop operation until it is manually reset by the push of
a button. The minimum off time, the interlock logic permits, is 400 µs, the minimum
on-time, after the start of the increasing current ramp is 2 ms.
At the same time, the operating conditions of the IGBT and the MOT-coils are moni-
tored. Combined temperature and flow sensors measure flow velocity and temperature
of the cooling water through the MOT-coil and the IGBT’s heatsink. Thus operation
without flow of cooling water is not possible.
Performance
The prototype of the magnetic field switch proved to be very reliable and failsafe in
everyday-operation and provided sufficient performance for the recoil-ion measurements.
Fig. 3.16 gives some waveforms of the current, captured with a high-current amperemeter
clamp. A risetime of 400 µs for currents up to 70 A is sufficiently fast. The overshoot and
ringing is not considered to be critical. It was found, that when ramping the set-point
linearly to zero, the current curve turned from a linear decrease into a slow exponential
decay for low currents, which seems to be due to the properties of the IGBT (which are
generally not specifically designed for analog operation). To get rid of the exponential
decay, a steeper set-point ramp is applied after an adjustable time relative to the trigger
signal, to force the current to zero (visible as the slight kink at 160 µs in the current curve
of Fig. 3.17). This does not completely eliminate the problem; at a current of about 2 A,
an exponential decay with a time constant of 83 µs sets in. Extrapolating, the coil current
reaches a level of 100 mA 500 µs after shutdown, and 10 mA after 700 µs. The time for
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Figure 3.16: Left : Typical experimental current waveform recorded during field switching. Right : Zoom
into the rising edge of the current pulse: A current of 60 A, corresponding to a field gradient of 17 G/cm
is restored within 400 µs.
induced eddy currents to decay might be of the same order of magnitude.
The effect on the electron trajectories is difficult to estimate. Simulations showed, that the
maximum absolute field strength very close (<1cm) to the MOT coils’ windings is about
5 G/A. After 700 µs this field is reduced to 50 mG, which is less than 1% of the electron
extraction field. The ultimate test and most sensitive probe for residual fields will be high
resolution electron momentum spectroscopy itself.
Set-pointramp 1
Set-point ramp 2
Figure 3.17: Falling edge of the current. To reduce the exponential tail in the ringdown of the current
after a time delay of ≈ 160µs a steeper set-point ramp is applied.
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3.5.3 Compensation Coils
It has already been noted in section 3.2.2, that the superposition of the MOT gradient field
and the homogeneous electron extraction field leads to an overall shift of the point, where
the magnetic field is zero along the direction of the extraction field. A radial gradient of
5 G/cm, which is presently achievable in continuous operation, and an extraction field of
5 G magnitude leads to an overall shift of the MOT’s loacation by 1 cm. Surprisingly the
MOT can still be operated under these far from ideal conditions, provided the beam di-
ameters of the MOT-lasers are large enough, and of course at the expense of atom number
and recapture efficiency when the MOT field is switched. These effects could partly be
compensated by adapting the alignment of the six laser beams to the new MOT location.
Nevertheless, it is desirable, to maintain a well defined MOT-location at the center of the
chamber and the spectrometer for two reasons: Firstly, in order not to violate the time-
focusing condition of the spectrometer, and secondly, to avoid difficulties in overlapping
the target beam with the cold target. E.g. a proper alignment of the fs-laser beam and its
focusing mirror were hard to achieve with a shift of the MOT of several mm. Especially
in view of the planned upgrade of the ion spectrometer to a position focusing geometry, a
fixed target position would be favourable.
The idea to resolve this problem is, to place another pair of coils in Helmholtz configuration
inside the vacuum chamber and close to the MOT region. The field of the compensation
coils locally cancels out the extraction field to restore the original MOT quadrupole con-
figuration.
Field Design
Figure 3.18: Calculated axial unit-field of the compensation coils.
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Because of the spatial constraints imposed by the chamber geometry and in order not to
obstruct optical access from the MOT-laser viewports, it is not possible to realize a true
Helmholtz configuration, where the distance D between the coils equals their radius R.
The configuration, that comes closest to this condition and is compatible with the rest of
the setup, is realized by a pair of coils, whose inner faces are located at a distance of 12 cm
from the symmetry plane. The inner radii are 7.4 cm (and 7.0 cm of the coil holder itself)
to encompass the spectrometer electrodes.
The coils are wound from hollow copper wire to enable water cooling and electrically insu-
Figure 3.19: Superposition of the three magnetic fields in the horizontal xy-plane. The colour code
represents the magnitude of the radial (
p
B2x +B2y) field component, where the scale on the left hand side
is given in Gauss. Additionally, the full field vectors are displayed.
lated by capton foil. With 4×1 mm copper wire 6 windings along the axial direction and 4
radial layers are realized, giving a total of 24 turns akin to the MOT coils. With 19.5 cm
outer diameter they still can pass through the CF200 flanges. Figure 3.18 shows the axial
field component parallel to the electron extraction field. Though not homogeneous overall,
the homogeneity a few mm around the field minimum in the middle of the coils should be
sufficient to make normal MOT-operation possible. The unit-field strength generated by
the coils is 0.61 G/A, so for balancing a reasonably strong spectrometer field of 10 G, a
coil current of 16.4 A is necessary, which is still comfortable to handle, in terms of heat
dissipation as well as fast switching, when compared to the targeted MOT-currents of up
to 100 A.
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Figure 3.20: Superposition of the three magnetic fields in the vertical xz-plane. The colour code represents
the magnitude of the radial (
√
B2x +B2z ) in-plane field component in, where the scale on the left hand side
is given in Gauss.
To ensure that an acceptable field configuration is achieved by the combination of all three
magnetic fields, a three-dimensional simulation of the magnetic field was performed, using
the OPERA-3d software package and the corresponding electro-/magnetostatics solver
TOSCA (VECTOR FIELDS). Figure 3.19 and Figure 3.20 depict the resulting magnetic
field in the horizontal xy-plane and the vertical xz-plane, respectively. Each graph maps
a patch of 10 ×10 cm2 around the symmetry center of the coil configuration. The fields
were calculated for a typical field configuration, that will be used in electron impact ex-
periments. The spectrometer coils were driven by a current of 23.3 A, corresponding to
an extraction field of 5 G, the MOT quadrupole field was assigned an axial gradient of
10.9 G/cm, corresponding to a current of 38.5 A. The compensation coils’ current thus was
set to 8.3 A to neutralize the extraction field. Figure 3.19 demonstrates that the MOT’s
radial gradient field is preserved, only slight deviations from the cylindrical symmetry in-
dicate the presence of the other fields.
The same holds true for the cut in the vertical plane, where the anisotropy of the trapping
gradient becomes apparent which is a factor of two higher along the z-direction. Both
pictures indicate a minor shift of the field minimum to the negative x-direction (the coor-
dinate system of the simulation has been replaced with the one given in figure 3.7). This
is due to an improper balancing of the extraction and the compensation field, since the
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currents put into the simulation were determined by a calculation of the field as sum over
the discrete current loops, while TOSCA computes the field from the cross section of the
coil and the current density, which leads to slightly different results. On the other hand,
this emphasizes, that by variation of the current, the compensation coils provide also a
convenient tool for fine tuning the MOT-position.
As the compensation coils are switched synchronously to the MOT-coils, no difficulties
will arise. From a technical point of view, their fast switching is readily realized: With the
coils having a series resistance of ≈0.1 Ω and a total inductivity similar to the MOT-coils
(≈150 µH), a second copy of the MOT-switch, which is presently being built, fulfills all
the specifications needed. As the maximum currents are only on the order of 15 A, nei-













In chapter 2 the principles of laser cooling and trapping were explained. It was stated, that
for a efficient and reliable operation of a magneto-optical trap, the linewidth of the laser
source has to be a fraction of the natural linewidth of the cycling transition. The natural
linewidth of the lithium cooling transition is 5.9 MHz; it is of the same magnitude as those
of most species, that have been succesfully laser-cooled and trapped. Consequently, one
demands from a suitable laser source not only a linewidth of about 1 MHz, but an absolute
long term frequency stability of the same order of magnitude as well. This means, that
the laser frequency has to be fixed with a relative accuracy of 2 · 10−9!
For efficient laser cooling, a total laser power of some 100 mW should be available for the
following reasons: The transition must be saturated strongly, even if the laser is detuned
to the red by several linewidths. A high laser power then allows for larger beam diameters
at the same saturation parameter, thus enhancing the geometrical capture cross section
of the trap. Secondly, numerous optical elements introduce additional losses within the
beam path, especially the acousto-optical modulators used for shifting and fine tuning of
the laser frequencies, which have typical transmission efficiencies of 60–80%.
These requirements are fulfilled by tunable spectroscopic lasers, which are frequency sta-
bilized (’locked’) to an atomic frequency reference by active regulator circuits. The rapid
development in the field of laser cooling and quantum optics in general is partly due to the
growing availability of semiconductor lasers, namely laser diodes, since the late eighties.
This technology made it possible to replace delicate and expensive tunable dye- or Ti:Sa
lasers, together with their cumbersome pump lasers, such as Ar+-lasers, by (often home
built) frequency narrowed diode lasers, using cheap commercial laser diodes.
In the near-infrared, a broad selection of high-power single-mode laser diodes with output
powers beyond 100 mW are available nowadays, which are particularly popular in laser
cooling of rubidium (at 780 nm wavelength) and cesium (852 nm). At the wavelength of
lithium (671 nm), i.e. in the red of the visible spectrum, the choice of semiconductor lasers
is much reduced. Single-mode diodes operating at that wavelength are only available with
powers up to 30 mW.
To circumvent this limitation in laser power, the goal was to build a simple, cost-effective
semiconductor-based laser system by the use of a high-power multi-mode diode, also called
broad emitter diode or broad area laser (BAL) (see Figure 3.24). This diode acts as an
amplifier for frequency stabilized light by injection seeding it with the beam of a stan-
dard grating-stabilized spectroscopic diode laser as described by Praeger et al. [Pra98] for
lithium. Though the performance of the system was much improved with time, this con-
cept did finally not live up to the expectations, as it never reached the level of stability and
beam quality required for our experiment. It was then decided to reactivate a dye-laser
system, that had been modified for simultaneous operation on two modes with 800 MHz
spacing, required for the excitation of the lithium D2-line for an earlier experiment. With
the advent of tapered amplifiers operating at 671 nm and delivering output powers up
to 500 mW, finally a laser source was available, that enabled reproducible and long-term
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stable operation of the experiment. A tapered amplifier injected by a frequency stabilized
diode laser is now used in routine MOT-operation.
In the following, these three laser systems used are briefly described and their benefits and
drawbacks are discussed.
3.6.1 Broad Area Diodes
Laser cooling of lithium requires a bichromatic beam at a wavelength of 671 nm con-
taining the frequencies of the cooling- and repumper transition (see section 2.2). When
semiconductor lasers are used, one frequently applied solution is the use of pairs of master
oscillators and slave lasers, where the master oscillator is a frequency stabilized external
cavity diode laser (ECDL), whose output is coupled into the active layer of a single-mode
diode [Sch98a]. At sufficiently high intensity of the seeding beam, its photons will account
for most of the stimulated emission processes within the laser medium and the slave laser
will take over the spectral characteristics of the master laser, wheras its eigenmodes are
completely suppressed. The active layer of a laser diode forms a Fabry-Perot cavity, thus
the field of the master laser is resonantly enhanced and the gain medium of the slave laser
can be considered as a multipass-amplifier. Depending on the coupling efficiency of the
seeding beam to the slave diodes cavity, i.e. how well the master beam’s profile is matched
to the spatial eigenmode of the slave laser, seeding powers between 100 µW and 2 mW
are sufficient to achieve complete injection locking and to exploit the full specified output
power of the slave diode.
The highest available free-running output power of single-mode diodes at the lithium wave-
length is 30 mW. The output power of laser diodes is limited by the ratio of output power
to the area of the output facet. Increasing the output power to beyond the maximum rated
value, will result in faster ageing, i.e. characteristics of the diode like center wavelength,
gain and threshold will gradually change and possibly degrade performance, and in the
worst case in irreversible damage of the front facet.
In broad area lasers (BAL), also known as broad emitter diodes, the restriction in output
power is overcome by extending the active layer at the p-n junction of the laser diode where
the radiation is generated, to a multiple of that of a conventional diode. In a conventional
diode, the active region has a cavity length of 1000 µm, and a width of typically 4 µm and
height of 1 µm (size of the front facet). In a BAL, the width of the active layer is enlarged
to up to 200 µm. Thus, the generated output power is enhanced, while the intensity at
the front facet stays the same. Free running output powers as high as 2 W from a single
emitter are obtained [Shv00]. Because of its large and highly asymmetric dimensions, the
laser cavity (wave guide) supports several spatial and spectral modes, leading to a spectral
bandwidth of the free running BAL of roughly 2 nm.
The quality of the far-field intensity profile is rather poor and far from Gaussian. It ex-
hibits a characteristic structure with several maxima along the long axis of the junction.
Moreover, the active layer of the BAL constitutes a non-linear medium, in which effects
such as self-focusing and filamentation can arise from random fluctuations in current den-
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sity and light intensity within the medium [Fey96], [Lan93], which further deteriorate the
beam quality.
The spectral and spatial characteristics of the output can be much improved by injection-
locking to a single-mode master laser. Unlike in the case of injection-locking of single
mode diodes, the BAL is operated as a double-pass amplifier [Abb87]: The seeding beam
is injected into the BAL at a small angle [Gol88], [Geh98]. After reflection at the back
facet of the medium, the amplified beam leaves the BAL at the specular reflection angle.
In this way, the amplification in multiple transverse eigenmodes of the BAL can be largely
suppressed and a directed and approximately Gaussian beam of frequency locked light,
that is spatially separated from the unlocked emission of the laser, such as a background
of amplified spontaneous emission (ASE) can be picked off.
Several publications exist where this scheme of injection-locking has been investigated for
its potential of application in spectroscopy or laser-cooling [Fey96], [Paw00], [Pra98], and
successfully applied in a Bose-Einstein condensation experiment using rubidium [Shv00].
The master-slave system used in this experiment is thoroughly described in [Spi05], so it
will be only briefly reviewed here. Some modifications on the setup and the performance
are described.
Master Lasers
The master lasers of this setup are two external cavity diode lasers of type TOPTICA
DL100L. These are grating stabilized lasers in Littrow configuration [Ric95] with an added
correction mirror to correct for the beamwalk that occurs when the laser is tuned [Haw01].
A blazed reflection grating (2200 lines/mm) reflects the first order back into the diode,
while the zeroth order reflection is used as output beam. The laser diode has an anti-
reflection coated front facet to make it more suceptible to the feed-back light and to
suppress the eigenmodes of the diode [Pat83]. The external cavity is formed by the back
facet of the diode and the reflection grating, where the grating acts as a the frequency se-
lective element, that determines the wavelength and bandwidth of the laser emission. The
grating is mounted to a piezo-stack actuator that changes the grating angle (and cavity
length) and allows for fast scanning of the frequency over a range of 20 GHz. Frequency
stabilization is achieved in the same way: A regulator circuit controls the grating position
such that small deviations from the set frequency are corrected. Thus long-term drifts
of the laser frequency and perturbations in the acoustic regime up to several 100 Hz are
balanced.
Alternatively the laser can be tuned by changing the cavity length. A change of the cavity
length can occur by thermal expansion of the diodes active medium due to the dissipated
power, or by a change in ambient temperature. A change in the forward current also alters
the charge carrier concentration, which in turn modifies the refractive index of the gain
medium and thus the effective resonator length. To suppress temperature fluctuations,
the diode and the whole external cavity assembly are mounted onto a solid block of brass,
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that is held at constant temperature to an accuracy of 10 mK by a Peltier element. Like-
wise, only low-noise power supplies (mostly dedicated laser diode drivers with low current
ripple) should be used to operate frequency stable diode lasers. The tunability by current
modulation is exploited in various schemes for laser stabilization and for sideband gener-
ation. Phase modulation by injecting a sinusoidal current with frequencies in the MHz to
GHz range is used in the so called Pound-Drever-Hall stabilization scheme [Dre83] or for
frequency modulation (FM-) spectrocopy [Bjo83].
Frequency Stabilization
For most stable locking of a laser to an atomic transmission line or the transmission fringe
of a resonator, an error signal is required, that has a zero crossing at the center of the line.
Dependent on the direction of deviation from the center frequency, the slope of the zero
crossing generates a positive or negative error signal, which is sent to the feedback loop of
the frequency stabilization.
In our setup, the technique of FM-spectroscopy is applied to derive an error signal for
the frequency regulation of the master lasers from a Doppler-free absorption spectrum of
atomic lithium vapor. This technique is a variation of the principle of saturation spec-
troscopy [Dem81].
In the simplest saturation spectroscopy setup, one beam is employed as pump- and probe
beam at the same time by retro-reflecting it into itself. A weak laser beam of 1.5 mW
and 1 mm diameter is split off from the master laser’s output and sent through a lithium
vapour cell as the pump beam. A retro-reflecting mirror at the other end of the vapour
cell images the beam onto itself, so that it passes through the interaction region twice.
By placing a quarter-wave plate in front of the mirror, the polarization of the backward
travelling beam (effectively acting as the probe beam) is rotated by 90◦with respect to the
incoming beam. Upon leaving the cell, it is coupled out via a polarizing beam splitter and
imaged onto a photodiode.
By measuring the photodetector signal in dependence of laser frequency, a saturated ab-
sorption spectrum is obtained, which features the characteristic Lamb dips superimposed
on the Doppler broadened absorptive background.The lamb dips provide the relative fre-
quency reference, since their position is independent of the operating conditions of the
vapour cell. In principle, the absorption spectrum could be used for laser stabilization as
well, but locking to the edge of an absorptive feature (side-of-fringe locking) still suffers
from the drawback, that the lock point varies with the absolute signal level of the absorp-
tion signal and the laser cannot be locked to the center frequency of the line. A variation
in laser power or optical density of the medium can shift the lock-point by several MHz.
In the present setup, the laser is stabilized on the cross-over resonance between the cooling
and the repumper transition. The cross over is an experimental artefact, that occurs when
two transitions with frequencies ω1 and ω2 spaced by less than the width of the Doppler
profile, share a common level (in our case the unresolved 22P3/2;F = 0, 1, 2, 3 excited state
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levels). There exists a certain velocity class v dv, for which the one beam is saturating
the transition at ω1, while the counter-propagating beam saturates the transition at ω2.
Optical pumping and rapid redistribution of the population between the two ground states
occurs. Thus neither ground state population can be depleted, as in the case of the lamb
dips. This is, why the cross-over resonance appeears as a maximum in absorption and not
in transmission. From the resonance condition it is seen, that the cross-over resonance is
located exactly in the middle in between the two transitions at ωc = (ω1+ω2)/2 [Dem81].
Feature (b) in Fig. 3.22, which shows a scan over the D2-line, is identified as he cross-over
resonance. The cooling- and repumper frequencies are generated by shifting the locked
laser frequency by ±400 MHz with the aid of acousto-optical modulators. These frequency
shifting devices also enable a fine tuning of the laser frequency to match the appropriate
red detunings from resonance, that are required for MOT-operation, by varying the applied
radio frequency signal. The desired dispersive lineshape of the error signal is generated
Figure 3.22: Saturated absorption spectrum of the 7Li D2-line, featuring pronounced lamb dips. The
feature (b) in the middle is the cross-over resonance, that provides the frequency reference. (a) (22S1/2, F
′ =
1–22P3/2, F = 0, 1, 2) lamb dip; (b) Cross-over resonance (a)-(c); (c) (2
2S1/2, F
′ = 2–22P3/2, F = 1, 2, 3)
lamb dip.
by adding side bands to the laser frequency. By comparison of the relative phase of car-
rier frequency and the sidebands after transmission through the lithium vapour cell, the
dispersion near the resonance is probed. According to the law of Kramers and Kronig, a
minimum in dispersion corresponds to a maximum in absorption.
It is one of the advantages of diode lasers, that sideband generation is accomplished by
modulation of the driving current. In practice, an RF-signal of a few mV peak-to-peak
height is capacitively coupled to the current leads of the diode. The electric field magnitude





i(ωt−M sinΩt) + c.c.), (3.20)
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where M = δΩ/Ω is the modulation index, Ω the modulation frequency and δΩ the
modulation depth. The frequency spectrum of the modulated light consists of the carrier
frequency ω and sidebands at frequencies ω ±Ω, ω ± 2Ω etc. The relative intensity of the
kth sideband compared to the carrier is obtained from the coefficients ak of the Fourier
expansion of (3.20):
|ak|2
|a0|2 = Jk(M). (3.21)
The Jk are Bessel-functions of the first kind. For low modulation indices M ≪ 1, as
applied for spectroscopic purposes, the first sideband dominates, whereas higher orders
are of negligible magnitude. By passing through the sample, each of the three frequency
components has acquired an attenuation δk and a phase shift φk described by the complex
transmission coefficient Tk [Bjo83]:
Tk = e
−(δk+iφk). (3.22)
Retaining only the carrier and the first order sidebands in this considerations, the emerging















The intensity impinging on a photodetector is I(t) = 12ǫ0c|E(t)|2. I(t) contains beat
signals between the carrier and the sidebands at difference frequency Ω, which can be
detected by a photodiode, if Ω is within the bandwidth of the detector. Neglecting the
rapidly oscillating terms at frequencies ω ±Ω, that are averaged out, the signal picked up
at the detector is
U(t) ∝ e−2δ0 [1 + (δ−1 − δ1)M cos Ωt+ (φ1 + φ−1 − 2φ0)M sinΩt] . (3.24)
The amplitudes of the dispersive in-phase component (sine-terms) and the quadrature
component (cosine-terms) are easily extracted from U(t) by means of phase sensitive de-
tection. The detector signal is multiplied with the output of the local oscillator which
provides the modulation frequency in a RF mixer. In general a mixer produces an ouput
consisting of the sum-frequency and the difference-frequency of the applied input signals.
If, for demodulation purposes, the carrier frequency is mixed with itself, the difference
frequency will be a DC-signal. Depending on the relative phase between the local oscil-
lator and the detector signal, a voltage is obtained, that is proportional to (δ−1 − δ1) or
(φ1 + φ−1 − 2φ0) or a linear combination of both.
The lineshape of the error signal depends strongly on the ratio R = Ω/γ between the
modulation frequency Ω and the natural linewidth of the transition γ [Bjo83]. For Ω≪ γ,
each sideband probes the resonance independently, directly mapping the absorption or
phase shift of the resonance. If, on the other hand, Ω is of the same magnitude or smaller
than γ, the cos-component is proportional to the derivative of the absorption curve and
the sin-component is proportional to the second derivative of the dispersion. The standard
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Figure 3.23: Red: Saturated absorption spectrum of the D2-line. Black: Error signal for laser stabilization
generated by the Pound-Drever detector. Green: Marker etalon (300 MHz free spectral range)
modulation frequency of the Pound-Drever module of the DL100 is 20 MHz. Since the
Doppler-free widths of the reference transitions are of the same order due to the unresolved
hyperfine structure, the FM-spectroscopy produces a derivative of the lamb dips (see Fig.
3.23).
Spectroscopy Cell
The spectroscopy cells are a simple but effective design, consisting only of standard CF-
components. The vapour cell consists of two connected 15 cm long CF16 tubes, with a
welded in aperture of 2 mm at each end. They prevent the lithium from effusing out of the
heated region, eventually rendering the entry windows opaque, and enforce a good overlap
between pump- and probe beam within the whole interaction volume. The windows are
placed on CF-tubes joined to the heated region. A gate valve allows for easy evacuation
after refilling of the cell. A bifilar heating element (10 Ω) is wound around the whole
interaction volume enclosed by the apertures. Typical operating temperatures around
350◦C (2.7 A operating current) create a stable spectrum with pronounced lamb dips.
The central CF-joint is sealed with a Ni-gasket, as these are less affected by exposure
to high temperature than the standard copper sealings. After filling with Li and initial
evacuation to 10−5 mbar, the cells have been constantly operated for more than two years
without degradation of the spectroscopy signal.
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Injection Locking
Figure 3.24: Coupling of the seed beam into the broad area laser. The enlargement shows the beam path
inside the BAL’s active layer.
The two slave lasers were COHERENT CR S-67-500C-100-H broad area high power diodes.
One of them was later exchanged for a HIGH POWER DEVICES HPD1305-HHL-TEC, be-
cause it showed a particularly chaotic spatial mode structure and poor injection efficiency.
Both devices, the discontinued COHERENT diodes and the HPD product, have very sim-
ilar specifications. The emitter size is 100 × 1 µm (width×height), with a maximum free
running output power of 500 mW at a center wavelength close to 670 nm, which is reached
at a forward current of 800 mA. Both come in a high heat load package (HHL) with an in-
tegrated peltier cooler for temperature stabilization (an essential precondition for efficient
injection locking). They are operated with an ILX LIGHTWAVE LDC-3700B laser diode
current and temperature controller.
The optical setup for injection of the master beam is shown in Fig. 3.24. The slave
lasers are mounted with the long dimension of the emmitter parallel to the laser table to
keep the beam path in the horizontal plane. The polarization vector of the BALs is in
the same plane, thus the polarization of the master beam is rotated by 90◦prior to injec-
tion. Injection under a small angle is brought about by slight translation of a cylindrical
lens perpendicular to its optical axis along the x-direction [Shv00]. Along this direction,
this lens with a focal length f=80mm forms a telescope with the collimation objective
of 6.5 mm focal length (MELLESGRIOT 06GLC001) in front of the emitter, to focus the
incident beam to a spot size that matches approximately half the width of the emitter:
Amplification of the master beam is most effcient, if its spot covers approximately one























































Figure 3.25: Schematic layout of the BAL-system. Not all optical components like steering mirrors and
beam shaping elemnts are shown.
possible. The cylindrical lens does not act in the vertical y-direction, where the incoming
beam must be tightly focused by the collimation lens in order to couple efficiently to the
emitter with 1 µm height. Both lenses are translatable in the xy-plane via micrometer
translation stages for optimum adjustment of injection angle and beam focusing.
In free running mode, the far-field of the BAL shows a characteristic pattern of distinct
vertical stripes. To optimize the injection locking, one first has to make sure, that the
seeding beam is reflected from the back facet of the BAL under an angle. Setting the
current closely below the lasing threshold, the injection angle and eventually the focusing
is changed, while monitoring the far-field profile, until one of the outer stripes begins to
flash and turns into a bright spot. Further alignment is done by increasing the injected
current and optimizing the output power of the amplified beam, which is separated from
the eigenemission of the BAL by an iris aperture or a slit. For each injection geometry,
there is a best combination of current and temperature: For efficient coupling of the master
beam into the slave’s cavity, it must be approximately resonant with the incoming light.
The efficiency of the injection lock is quite sensitive to small variations of the optical cavity
length [Spi05].
Figure 3.25 gives an overview of the layout of the BAL-laser system. Two independent
master lasers are used, since the gain in the locked output of the slave lasers saturates at
a seeding power of 10 mW. One master laser with an output of 15 mW after its optical
isolator is therefore not sufficient, to extract the maximum output power from both slave
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lasers.
Both master laser are locked to the cross-over signal of the (22S1/2 − 22P3/2 transition
(see Fig. 3.22) and independently shifted by approximately 400 MHz with the aid of
acousto-optical modulators (AOM) to generate the appropriate cooling and repumper fre-
quency. The AOMs have 200 MHz center frequency and are operated in double pass mode
to avoid walking of the beam, when the applied radio frequency (RF) signal is varied to
change the detuning. The detunings of both frequencies can be adjusted independently,
which is helpful for finding advantagous settings for the MOT. Additionally the AOMs
act as fast beam shutter. After frequency shifting, both beams are overlapped via a 50:50
non-polarizing beamsplitter. The emerging two mixed frequency beam are further split
up into the three MOT-beams for each direction and the Zeeman slower beam, which is
red-shifted by another 200 MHz in an AOM with 100 MHz center frequency operated in
double pass configuration as well. The MOT itself is operated in the laser power saving
retro-reflecting six beam configuration, which means that the incoming beams along each
direction are backreflected by a mirror to form a pair of counter-propagating beams.
In order to enhance the mechanical stability of the delicate optical setup, the whole master-
slave combination was mounted onto a massive aluminum breadboard that had been ad-
ditionally temperature stabilized by cooling plates using a laser chiller. Likewise, the high
power diodes were mounted to newly designed mounts. In this way, once established,
the injection lock could be kept stable for several hours. Still the system suffered from
some severe drawbacks, that made work with it very time-consuming and tedious: If the
injection lock was lost once every few hours, for example due to long-term drifts of the
temperature controller, the whole alignment procedure would have to be repeated. This
in turn lacked a certain reproducibility: When the desired power level was restored, the
beam profile and injection geometry had considerably changed, making an realignment of
the whole subsequent beam path necessary. Due to the unfavorable beam characteristics
(a structured, elliptic and astigmatic beam), it was difficult to shape the beam in a way,
that allowed for a diffraction efficiency at the AOM of more than 50%. Since the repumper
and the cooling light, which have to be well overlapped after frequency shifting, emerged
from different sources with quite different beam characteristics, it was hard to imprint
approximately the same beam parameters and to achieve the same diameter and degree of
collimation for both frequencies and the three MOT-beams. Given the long beam paths
necessary to reach the experimental chamber and its dimensions, this is a particularly in-
tricate task. Still, under good conditions, a laser power of 80 mW on the cooler frequency
and 60 mW on the repumper frequency could be extracted from the AOMs, leaving a total
power of 45 mW for each MOT-beam.
On the rare occasion, when all the beams made their way up to the experimental chamber,
no MOT was seen, though test measurements conducted with a dye laser had shown that
trapping of atoms was straightforward to achieve, if enough laser power and a decent beam
profile were available [Spi05].The spectrum of the locked part of the output was analyzed
with a fiber coupled scanning grating spectrograph (Fig. 3.26). The locked spectrum
shows an excellent suppression of the eigenmodes of the free runing BAL of more than
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Figure 3.26: Left : Spectrum of the picked off beam portion of a BAL in free running mode (magenta)
and frequency locked (red). The absolute frequency scale of the spectrograph was not calibrated. Right :
Line profile of the locked BAL recorded with a scanning Fabry-Perot interfreometer of 300 MHZ free
spectral range.
30 dB compared to the seeding frequency. The limited resolution of the spectrograph does
not allow a statement on the narrow bandedness of the BAL’s emission. This has been
checked as well by means of a scanning Fabry-Perot interferometer with 300 MHz free
spectral range. To have an additional frequency ruler, the seeding light was modulated
with strong 20 MHz sidebands. The spectrum shown in Fig. 3.26 shows a very narrow
spectrum that very closely matches the one of the master laser. The broad pedestal at
the bottom of the line is partly due to the strong sideband modulation and also seen in
the spectrum of the master laser. Thus the spectral properties can be considered to be
sufficient for MOT operation. Though the exact reason for the failure of MOT operation
remains unclear, it is very likely that the remnant transversal mode structure (which also
prevented efficient mode cleaning by a spatial filter or a single-mode fiber) was one of the
main factors.
3.6.2 Two-Mode Dye Laser
As the broad area lasers, despite all measures taken, did not perform as expected, and
endangered the progress of the whole project, it was decided to reactivate a linear dye
laser of type COHERENT CR-599-21, that had been operated by A. Dorn in investigations
on the branching ratios between Auger- and radiative decay after combined laser and
electron impact ionization of alkali metals. For efficient excitation of the lithium atoms
on the 22S1/2–2
2P3/2 transition, the laser had been modified for synchronous operation
on two modes with a frequency spacing of ≈805 MHz, delivering the cooling and the
repumper frequency in the same beam [Her75], [Lo¨r95]. The dye laser was operated with
a solution of DCM (4-dicyanomethylene-2-methyl-6-p-dimethylaminostyryl-4H-pyrane) in
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Figure 3.27: Cavity layout of the two-mode dye laser.
ethylene-glycol and pumped by a COHERENT VERDI V-7 pump laser. 200 mW of output
power could be achieved, which did not need frequency shifting by AOMs, but could be
directly passed to the experiment to assess the MOT was operable.
































Figure 3.28: Stabilization scheme for the two-mode dye laser.
For long term frequency stabilization, a lock-in technique was applied [Mea82]. Using
the same spectroscopy setup as for the semiconductor lasers, only minor modifications
of the setup were necessary to obtain a working reference spectroscopy. Since it was
not straightforward to modulate the laser frequency itself, the transition frequency of the
atoms in the spectroscopy cell was modulated: A coil of magnet wire was wound around
the spectroscopy cell. The frequency output fref of the lock-in detector was amplified by
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a commercial audio amplifier and its output current applied to the coil. The alternating
magnetic field slightly shifts the various magnetic sublevels of the ground and the excited
state in and out of resonance, thereby periodically varying the absorption of the probe
beam within the lithium cell. This has the same effect, as if the laser frequency ω was
modulated ω(t) = ω0 + ωmod sin(2πfreft). The amplified signal of the photodetector is
fed back to the lock-in amplifier. The output of the lock-in detector corresponds to the
derivative of the trasmission curve T (ω): Depending on the phase of detection, the same
dispersive kind of error signal is obtained as from the Pound-Drever lock. Under laboratory
conditions, relatively clear error signals with steep zero crossings could always be retrieved
by proper choice of the phase of detection φ, integration time τ , preamplification of the
signal and by adjusting the offset.
The error signal was applied to the external scan input of the dye laser, which accepts a
signal between -5 V and 5 V. The voltage range of 10 V covers then a selectable frequency
(10 MHz to 15 GHz) range around the adjusted center frequency, which is output at an
scan input voltage of 0 V. If the laser was tuned to the MOT-transition, the lock-in signal
could keep it stable for hours.
However, this kind of stabilization scheme is not suitable for canceling out short-term
fluctuations in the acoustic frequency range. The reference frequency of the lock-in detector
is in the kHz range, here it had been chosen as 2.2 kHz. This means that no frequency
deviation on a timescale shorter than several cycles of this frequency can be detected. At
the extremely low signal-to-noise levels from the spectroscopy signal the integration time
should be set such that the averaging/integration extends over a considerable number of
cycles of the modulation signals. In order to obtain a smooth signal, integration times
between 0.07 s and 0.7 s were used, which ultimately determines the bandwidth of the
regulator loop.
For use with the COHERENT CR-599-21 this poses no problem, as it has a short-term
frequency stabilization on its own: It is internally locked to a transmission maximum of
a stable reference Fabry-Perot interferometer. This is necessary, as irregularities or small
bubbles of air within the dye jet change the effective cavity length. The resonator has two
fast acting frequency selective elements that can change the resonator length to correct
for frequency excursions: One is a brewster-plate of 1 mm thickness, which can be rotated
by ±2◦ at a frequency of 400 Hz. The other is the folding mirror (’tweeter’), which is
mounted on a piezo-translator, which can apply frequency corrections of up to 1 GHz with
a bandwidth of 10 kHz [Coh77]. Therefore, it is only needed to compensate slow frequency
drifts on a timescale of seconds to minutes. Concluding, a simple but effective means of
stabilizing a dye laser to an external frequency reference was implemented.
3.6.3 Tapered Amplifier
The use of the dye laser remained a short intermezzo, since at that time, tapered amplifiers
at a wavelength of 671 nm with a specified output power of 500 mW became available.
Tapered amplifiers (TA) are semiconductor based amplifiers, that can amplify a seed beam
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Figure 3.29: Principle of the tapered amplifier.
of a few mW to powers up to 1 W, while preserving an almost Gaussian beam shape. This
is accomplished by using a special geometry of the active layer: The seed beam is coupled
into a small single-mode channel at the anti-reflection coated rear facet of the tapered
amplifier chip. The single-mode channel acts as a spatial mode filter akin to a single
mode optical fiber, which lets only the transversal TEM00-mode pass. The mode cleaned
beam then enters the tapered gain region, where the lateral extension of the active layer
is expanded in order to encompass more gain medium volume. The angle of the taper
is matched to the diffraction limited angle of divergence of the Gaussian beam emerging
from the single-mode channel. Thus, on passage through the gain medium, the spatial
characteristics of the beam are preserved.
The TOPTICA TA 100 670 is capable of producing a frequency locked output of 550 mW
from a seeding beam of 15 mW, which is provided by one of the frequency stabilized diode
lasers. After passing through a 60 dB optical isolator to prevent light from being back
reflected into the TA chip, still 400 mW are available to the experiment.
The overall layout of the system, displayed in Fig. 3.30, follows closely the concept of the
broad-area-laser system presented in section 3.6.1. The tapered amplifier finally provided
the long-term stability and reproducibility urgently needed for conducting measurements,
that must be run under the same conditions for several days, as it provides stable and
reliable MOT-operation virtually ’at the push of a button’. During the multiphoton ion-
ization measurment campaign, no major realignment was necessary and the laser stayed
in lock for several days, making unattended operation of the experiment possible.
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Figure 3.30: Setup of the tapered amplifier-based laser system.
3.7 Atomic Beam Source
Loading of a magneto-optical trap requires a source of slow atoms, which provides a
sufficient flux of atoms with a velocity lower than the capture velocity of the trap, which is
typically on the order of a few 10 m/s. The large possible accelerations in the interaction
of atoms with resonant light, suggests the use of the spontaneous force to decelerate atoms
from thermal velocities of several hundred m/s to almost zero over a distance of less than
one meter.
The most common and widely applied technique to produce slow atomic beams is the
Zeeman slower [Phi82], [Lis99], [Ded04], where a spatially varying magnetic field keeps
the atomic transition in resonance with a counter-propagating laser beam via the Zeeman
effect at any point along the atom’s trajectory. This method has the advantage that it
provides a continuous, directed flux of atoms at trappable velocities, which can be turned
on or off within milliseconds, furthermore the vacuum is not impaired by any hot parts
inside the main experimental chamber or a large number of atoms emitted into any other
solid angle than the trap’s. A well designed oven - Zeeman slower system is of crucial
importance to atom trapping experiments, since the flux of slow atoms delivered to the
trap region ultimately determines the loading rate and the steady state population of the
MOT. Besides the gain in the maximum number of trapped atoms, a high loading rate
enables shorter loading times and hence faster experimental cycles.
3.7.1 The Principle of Zeeman Slowing
The purpose of a Zeeman slower is to deccelerate a large fraction of atoms from a thermal
beam with different, high initial velocities to the same low final velocity. Again, the
dissipative nature of the spontaneous force becomes evident, since the atoms are not
deccelerated by the same velocity, but effectively ’bunched’ into a particular final velocity
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Figure 3.31: Illustration of the principle of Zeeman slowing: Calculated phase space trajectories v(z)
(red curves) for atoms with different initial velocities in a Zeeman slower with ideal field profile. Once in
resonance with the slowing laser, they are uniformly deccelerated to the same end velocity vend = 50 m/s.
class irrespective of their initial velocity [Mol97], which would not be possible by applying
a conservative potential. An atom moving with velocity v towards a counter-propagating
laser beam, which is detuned to the red of the transition under consideration will come
into resonance with the beam when the resonance condition for the effective detuning δ is
fulfilled:
δ = δ0 + kv = 0, (3.25)
with the laser detuning δ0 = ω − ω0, where ω is the laser frequency and ω0 the rest
frequency of the atomic transition. Hence a laser detuning to the red of the transition has
negative sign. On resonance and under the condition of high saturation, the maximum







As its velocity is quickly reduced and the Doppler detuning changes, the atom drops out
of resonance. This occurs, when the Doppler shift is larger than about half the natural
linewidth γ/2. In velocity space, this linewidth corresponds to only 4 m/s, so even in the
limit of high saturation s0 ≫ 1 a change in velocity of some 10 m/s can be expected at
maximum.
To keep the atom in, or at least close enough to, resonance all along its trajectory, the
transition energy is tuned by the difference of the Zeeman energies of the ground state
and the excited state in a magnetic field B. The frequency shift induced by the Zeeman
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effect δZ=∆µB/~ is added to the resonance condition (3.25):
δ = δ0 + kv −∆µB/~ = 0. (3.27)
∆µ denotes the difference between the magnetic momenta of the respective ground and
excited state µg and µe.
An atom with initial velocity v0, that is slowed down with a constant deceleration a < amax,






with z0 = v
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0/2a being the stopping distance. Inserting v(z) into (3.27) yields the spatial
dependence of the slower field:













Consequently, the length of the slower is determined by the maximum initial velocity v0
that is to be slowed down as well as the achievable acceleration amax, given by the mass of
the atom and the linewidth of the respective transition. In the design of a Zeeman slower
a constant decceleration of a = ηamax is assumed, where η is a safety factor to account
for an eventual low saturation of the transition and inevitable deviations of the magnetic
field gradient from the ideal profile. Common values for η lie in the range from 0.8 to 0.4.
If somewhere along the trajectory the field decreases too steeply, the resonance condition
is not well fulfilled any more and the actual decceleration will be lower than the design
value. As the atoms progress further into regions of lower field strength, the discrepancy
between the ideal and actual phase space trajectory becomes larger and larger, further
reducing the scattering rate. The atoms will finally come completely out of resonance
with the slowing beam and drop out of the slowing process. The maximum field strength
required is determined by the maximum initial velocity that is to be slowed down. Atoms
faster than v0 never become resonant with the slowing light and pass the slower unhindered.
Typical slower designs exhibit lengths between 30 cm and 1 m and can slow initial velocities
between 500 and 1000 m/s.
The design parameters depend strongly on the atomic species: The maximum achievable
deceleration depends on the lifetime of the excited state and the mass of the atom. In
general, effusive ovens are used to feed the slower with a reasonable flux of thermal atoms.
The temperature of the oven is adjusted such that the thermal velocity distribution of the
effusive beam contains enough flux of atoms in the low velocity tail, i.e. at velocities, that
can be captured and slowed down.
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Figure 3.32: Ideal field profiles for a lithium slower with a capture velocity v0 of 700 m/s and a final
velocity of 50 m/s, calculated with a safety factor of 0.45. The increasing-field design (blue curve) requires
a detuning of 1.04 GHz, the spin-flip type (black curve) operates with 400 MHz. The decreasing field
slower has small red detuning of 50 MHz.
Types of Zeeman Slowers
The freedom of choice in the detuning δ0 of the slowing laser allows three different field
configurations for Zeeman slower operation, each having its own distinct benefits and dis-
advantages.
If the magnetic field strength |B(z)| has its maximum value at the beginning of the de-
celeration distance to compensate for the Doppler shift of the fastest atoms, one speaks
of an decreasing field geometry (see Fig. 3.32). The slowing laser has to be operated at a
small red detuning to be in resonance with atoms of the final velocity vend under zero field
conditions. The main drawback is the required detuning of only a few linewidths to reach
low final velocities: Since the slower laser beam has to pass through the MOT region to
oppose the atomic beam, the MOT is easily perturbed by the additional light pressure of
the slowing beam. This problem can be adressed by using a a lightly blue or red detuned
slower laser and adding an additional positive or negative offset field. However, due to the
slow decrease of the slower field towards the trap center, the end of the slowing length is
not well defined and atoms that have already passed the slower are still exposed to near
resonant light, so that they continue to slow down and eventually might come to a halt
and are pushed back into the opposite direction. Decreasing field slowers are mainly used,
when the slower exit is very close to the trap region, so that the radial gradient field of
the MOT can be merged with the field of the Zeeman slower to effectively form the last
part of the deceleration field.
The configuration, where the magnetic field is zero at the beginning of the slowing distance
and reaches its maximum value at its end, is called increasing field slower. Obviously the
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slower laser must be far red detuned to balance the Doppler shift of the fastest slowable
atoms according to kv0 + δ0 = 0. The extraction of the slow atoms from the slower is
greatly facilitated by the well defined maximum and subsequent sharp decrease of the
slower field, which lets the atoms drop out of resonance immediately. Disadvantages of
this concept are strong residual fields at the location of the MOT, which eventually have to
be balanced. The large laser detunings of about 1 GHz (e.g. for lithium and v0=700 m/s)
required are hardly generated by acousto-optical modulators (AOM).
The concept of the spin-flip slower tries to combine properties of both the above types
(see figure 3.32): The atom’s trajectories start in a decreasing field, which crosses the zero
of the magnetic field along the slowing distance and reverses its direction to rise again to a
maximum value. The terminus spin-flip slower is somewhat misleading, since the magnetic
momenta of the atoms retain their orientation when crossing the zero field region, they are
just reversed (’flipped’) with respect to the magnetic field’s direction. The position of the
zero crossing is determined by the available laser detuning δ0 = kv(z). For lithium and a
detuning of 200 MHz it occurs at the position (as realized in this experiment), where the
atoms’ velocity is 140 m/s. The spin-flip slower avoids high field gradients close to the
MOT, permits a defined termination of the slowing process and thus a handle for changing
the end velocity, as well as the use of detunings, that are largely harmless to the MOT. In
addition, the absolute field strength needed, to achieve the desired capture velocity v0 is
reduced due to the zero-crossing of the field. This is of great practical importance, since
coils generating fields on the order of 1000 G tend to be bulky constructions that require
high currents and water-cooling. Figure 3.32 compares calculated ideal field profiles of the
three designs.
Zeeman Slowing of Lithium
The transition used for the deceleration of the 7Li-atoms is the cycling or closed transition
of the D2-line (22S1/2, F = 2,mF = +2 – 2
2P3/2, F
′ = 3,mF ′ = +3) (|g〉 – |e〉). As noted
before, the adequate form of the Zeeman slower field depends on the difference in the energy
shift of the atomic states as a function of the magnetic field strength. The maximum fields
encountered in Zeeman slowers are on the order of 500 to 1000 G. Concerning lithium, the
small hyperfine splitting of the ground and excited state involved in laser cooling leads
to decoupling of the electron and nuclear spin at these moderate fields. A description of
the progression of the energy levels with increasing magnetic field by the Zeeman effect is
therefore not appropriate, as will be discussed in the following:
For weak magnetic fields the progression of the ground state |g〉 can be described by the
normal Zeeman effect of the hyperfine structure. In the weak field regime, the interaction
energy of the coupled nuclear and electronic magnetic moment µgF with the external field
B is given by (3.32). For reasons that will become clear later, the hyperfine interaction
energy VI,J(F ) is included as a constant offset:
EZ = −µgF ·B+ VI,J(F ) (3.32)
= mF gFµBB + VI,J(F ).
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The above relation holds, as long as the Zeeman energy is small compared to the magnetic
coupling energy VIJ between the total electronic and the nuclear angular momentum. Here
gF is the Lande´ g-factor for the F=2 ground state and has the value gF=
1
2 . The g-factor
calculates as follows:
gF = gJ
F (F + 1) + J(J + 1)− I(I + 1)
2F (F + 1)
−gNµN
µB
F (F + 1) + I(I + 1)− J(J + 1)
2F (F + 1)
, (3.33)
where gN is the nuclear g-factor and µN the nuclear magneton. The ratio of the Bohr
magneton to the nuclear magneton µN/µB is as small as the ratio of the electron mass to
the mass of the proton me/mp ≈ 1/1836, so the second term of (3.33) can be neglected.
gJ in turn is the total electron angular momentum g-factor as given by (3.34) and has the
value gJ=2.
gJ = 1 +
J(J + 1) + S(S + 1)− L(L+ 1)
2J(J + 1)
. (3.34)
The coupling energy (or hyperfine-splitting) for a particular state with quantum numbers




(F (F + 1)− I(I + 1)− J(J + 1)). (3.35)
aHFS denotes the hyperfine constant of the particular fine structure state, the relevant
ones for the |22S1/2〉 and |22P3/2〉-states are presented in Table 2.3, for |g〉 we have aHFS =
h· 401 MHz and VIJ(F = 2) = 34aHFS. As the interaction energy of the electronic magnetic
momentum of the ground state gJmJµBB with the external field is h · 1.4 MHz/G·B[G],
both energies are of the same magnitude at field strengths of above 100 G. The external
field cannot be considered as weak perturbation to the system and formula (3.32) no longer
applies.
For much higher field strengths (B > 800 G), the energy levels are accurately described by
the Paschen-Back effect of the hyperfine structure (sometimes also termed Back-Goudsmit
effect). In the Paschen-Back regime, the energy shift is composed of the Zeeman energies
of the now uncoupled and independently aligned total electron angular momentum J and
nuclear spin I:
∆EPB = mJgJµBB −mNgNµBB +mImJaHFS. (3.36)
Inserting the appropriate quantum numbermJ=
1
2 and g-factor gJ=2 yields the same linear
dependence on the magnetic field as for the weak field case. The third term of the above
equation represents the mutual interaction energy and reproduces the zero field hyperfine
shift of (3.32) with (32 · 12)aHFS.
The field dependence in the intermediate regime, which just happens to cover the operating
range of a Zeeman slower, is difficult to calculate and no general analytical description is
available. Luckily for the case of interest here, if F = I ± 12 , namely F=2 and I=3/2, a
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closed form analytical expression exists, which is known as the Breit-Rabi formula [MK97]:
EBR = −aHFS
4



















For the |F = 2〉 ground state, ∆E0 corresponds to the full hyperfine splitting ∆E0 = 2aHFS
of 803 MHz of the |22S1/2〉 ground state. Its Lande´ g-factor is gJ= 1
2
= 2. The small











2 + 2x+ 1)1/2 = −aHFS
4
+ aHFS(1 + x). (3.38)
This equation holds the important result, that the progression of the ground state (or
more precisely the state evolving from the ground state) of the cycling transition is always
linear with the magnetic field:
∆EBR(F = 2,mF = +2) =
3
4
aHFS + µBB. (3.39)
Yet the upper state of the cycling transition |22P3/2, F ′ = 3,mF ′ = +3〉 has to be adressed.
As a consequence of the weak hyperfine interaction of the |22P3/2〉 state with a hyperfine
constant of aHFS = −3.05 MHz, the interaction energy VI′,J ′(F ′ = 3) = 94aHFS amounts
to only h · (−6.86) MHz. The g-factors are gF ′=23 and gJ ′=43 . This means, that the
intermediate regime is approached at fields exceeding 2 G. For the fields present within
the Zeeman slower, the excited state is always in the Paschen-Back regime and the field
dependence of the upper level is described by
∆EPB(J
′ = 3/2) = mJ ′gJ ′µBB, (3.40)
where the contribution of the nuclear magnetic moment and the hyperfine energy 94aHFS
have been dropped. The appropriate quantum number is mJ ′=
3
2 .
Now the field-induced energy shift of the slower transition ∆E(B) is obtained:
∆E(B) = ∆EPB(J
′ = 3/2) −∆EBR(F = 2,mF = +2) (3.41)
= µBB(mJ ′gJ ′ − 1)
= µBB.
This confirms a convenient linear dependence of the slower transition’s detuning on the
magnetic field. The large separation of the adjacent hyperfine levels in high fields dras-
tically reduces the probability of near-resonant excitation of levels other than the upper
level of the cycling transition, rendering it an almost ideal two-level system.
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Nevertheless, the repumping frequency is introduced into the slower beam as well. When
the atoms approach the slower, they pass through a region where the field increases from
zero to its maximum value, so in the region of weak magnetic fields, optical pumping oc-
curs, which transfers the atoms to the |F = 1〉 ground state manifold. In a spin-flip slower,
the zero-field region along the slowing distance makes the use of a repumper necessary.
For completeness and reference, the progression of the individual magnetic sublevels of
the MOT-transition with the magnetic field is presented in Figures 3.33 and 3.34. The
values were obtained by a numerical calculation, using a modified MATHEMATICA-script,
published in M. E. Gehm’s PhD-thesis [Geh03], where it was used to calculate the Zeeman
splitting in 6Li. In brief, the code generates a list of all sublevels for a fine structure state
specified by the quantum numbers I and J . The combined (sum-)Hamiltonian of the
hyperfine interaction and the interaction with the external magnetic field is set-up in the
|J,mJ〉
⊗ |I,mI〉 product basis. The |J,mJ〉 |I,mI〉 are not eigenstates of the hyperfine in-
teraction hamiltonian (which are the |J, I, F,mF 〉 states), so the hyperfine part of the total
hamiltonian and consequently the total hamiltonian is non-diagonal in the |J,mJ 〉 |I,mI〉-
representation. The program then computes all the eigenvalues of the hamiltonian for
each individual value of the magnetic field. The curves reflecting the adiabatic evolution
of the energy levels are then obtained by plotting the eigenvalues versus the magnetic
field strength. The experimentally determined values of the g-factors employed in the
calculation are listed in Table 3.2.































Figure 3.33: Magnetic field dependence of the 22S1/2 ground state and 2
2P3/2 excited state magnetic sub-
levels. For the 22P3/2 states, the small contribution of the nuclear Zeeman energy, which is ≈ gN/gJ = 1130
times smaller than the electronic one, together with the small hyperfine splitting makes the curves tracing
the |J,mJ 〉 states appear fourfold degenerate.
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Figure 3.34: Magnetic field dependence of the 22P3/2 excited state sublevels in the low field regime.
Already at minor fields of a few Gauss, as encountered in the MOT’s gradient field, significant deviations
from the linear Zeeman effect occur, leading to a complicated pattern of the energy splitting with several
level crossings.
Quantitiy Symbol Value [Ref.]
Electronic g-factor 22S1/2 gJ 2.002301 [Ari77]
Electronic g-factor 22P3/2 gJ ′ 1.335 [Ari77]
Nuclear g-factor 7Li gN -0.001182 [Ari77]
Hyperfine structure constant 22S1/2 aHFS 401.76 MHz [Wal03]
Hyperfine structure constant 22P3/2 aHFS -3.05 MHz [Ort75]
Table 3.2: Hyperfine constants and g-factors used in the calculation of the Zeeman splittings.
3.7.2 Zeeman Slower
The present Zeeman slower setup was constructed in the course of a diploma thesis [Spi05].
The design parameters were a maximum initial velocity vmax of 700 m/s and a safety factor
a = ηamax (3.42)
with η = 0.5. Thus the required length of the slowing section is just ≈ 35 cm, which allows
a rather compact construction of the whole slower system. There are two basic methods
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to technically realize the desired slower field profile: One common method employs one or
two solenoidal coils with a varying number of winding layers along the beam tube accord-
ing to the desired field profile. Though it has the advantage that it can be operated with a
single power supply, it is very sensitive to geometrical deviations (e.g. due to inaccuracies
in the winding pattern or variations in the diameter of the wire or tubing used) from the
calculated ideal current distribution, therefore often the implementation of correction coils
after construction is necessary.
Alternatively, the magnet can be split up into a number of different sections, which can
be addressed with individual currents, so the sum of the individual fields will match the
appropriate field profile. In this way, it is easier to compensate for imperfections in the
manufacture of the coils and a greater flexibility in the choice of operational parameters
is provided. For instance the maximum initial velocity could be increased to beyond the
design value determined by the safety factor, and the detuning of the slowing laser or the
end velocity are readily varied.
Mechanical Design









Figure 3.35: Zeeman slower and oven chamber.
Our design (see Fig. 3.35) features a set of nine coil sections of 40 mm length each along
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the beam direction, which are wound around a 25×1 mm copper tube that is directly
integrated into the vacuum system via welded-on CF40 flanges at the ends. The sections
are separated by 2 mm thick copper discs of 120 mm diameter soldered onto the tube,
which served as coil formers during manufacture of the slower and provide efficient air
cooling to the coils and the tube. The last disc at each end of the slower has an integrated
water cooling tube, which acts as an additional heat sink. The coils themselves are made
of 1.8 mm diameter magnet wire and consist of 23 windings in the axial direction and
15 (where the field is highest) to 5 radial layers of wire (close to the chamber). In order
to bring the slower exit as close as possible to the center of the chamber, the Zeeman
slower tube is directly linked to the main chamber. At the entry side of the slower the
oven chamber is attached. The vacua of the oven and the experimental chamber can be
shut off from each other by a CF40 gate valve residing in between the oven chamber and
the slower. Thus maintenance work on either the oven part or the main chamber can be
performed without having to break the vacuum in the other part.
The oven chamber consists of a CF40 cube chamber with an edge length of 7 cm. Its
ports are occupied by the lithium oven construction itself, a window for optical inspec-
tion, e.g. to check the alignment of the slower laser, a rotary feedthrough actuating the
lithium beam shutter, and a CF40 four-way cross. The CF40 cross houses an ion gauge
for monitoring the pressure within the oven section, additional feedthroughs, for example
for the heating current of the oven nozzle are installed here. At the bottom part of the
cross, a VARIAN V-70 turbo pump with a pumping speed of 68 l/s is installed, which
is responsible for maintainig the vacuum of the oven chamber. Since pressures of up to
10−6 mbar are tolerable in the oven section, it is directly connected to the fore-vacuum
with a base pressure of 1.3 · 10−3 mbar.
Differential Pumping
The molecular flow resistance (and thus the differential pumping effect) of the slower tube
with its relatively large diameter of 25 mm is not sufficient to shield the main chamber’s
vacuum from the influence of potentially harmful higher pressures in the oven section. To
exclude any such influence, a differential pumping tube with a length of 146 mm and 4 mm
inner diameter, fed through a CF40 flange, is inserted at the cube’s port facing the slower.
The pressure difference that can be maintained between the two vessels, is estimated in
the following way:
In analogy to Ohm’s law, a pressure difference between two vacuum vessels (pressures p1,
p2), connected by a tube of conductance C, drives a particle flow (current) q of
q = p1V˙1 = C(p1 − p2). (3.43)
The quantitiy q is given in units of [q]=mbar·l/s and is proportional to the particle flux.
In steady state, the current through the tube into the high vacuum region with pressure
p2 is equal to the rate at which particles are removed by the pump. This rate p2 ·S is given
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by the pumping speed S of the pump, which is specified in [S]=l/s. This flux conservation
is expresed by
q = p1V˙ = p2S. (3.44)
Substituting (3.43) into (3.44) yields the ratio of the pressures dependent on the flow







The conductance of a tube with inner radius r and length l in the regime of molecular




















The differential pumping tube exhibits a conductance of 0.065 l/s for H2O (commonly the
most abundant contaminant in otherwise leak free vacuum systems due to its desorption
from the walls of the vessel) at room temperature. Conservatively estimating the pumping
speed of the pumps of the main chamber with 500 l/s, a pressure ratio of p1/p2 of 10
4 can
be maintained. In practice, no degradation of the main chamber UHV has been observed.
After an initial period of operation, where the hot surfaces of the oven parts are ’baking
out’ and release large amounts of contaminants, the pressure in the oven chamber varies
between ≈ 5 · 10−7 mbar at highest temperature and 2 · 10−8 mbar in cold state.
Magnetic Fields and Optimization of the Existing Setup
After completion of the Zeeman slower, the axial fields of the individual coils had been
mapped with a Hall probe. The measurements showed that the field profiles were sig-
nificantly deviating from the calculated curves, as they were narrower and had a higher
maximum value altogether. The measured fields of each coil were then approximated by
fitting them with Voigt-profiles (a Voigt profile is the convolution of a Lorentzian with
a Gaussian, usually encountered in spectroscopy to model Doppler-broadened Lorentzian
spectral lines, when both widths are of similar magnitude [Hum79]) which reproduced the
measured curves well, so that a dataset with uniformly spaced points, covering the whole
range of the slower and beyond was available. The superposition of the field profiles gen-
erated by the Voigt-fits was then fitted to the calculated ideal field gradient with the nine
coil currents as fit-parameters [Spi05]. Due to their reduced width, the sum of the real coil
fields is much harder to adapt to the desired field: The best current fit curve still emulates
relatively well the overall progression of the field, but shows a superimposed sinusoidal
modulation, with the minima of the bumps occurring at the positions of the separating
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discs. This has the effect that some sections at the rising edge of the bumps have an almost
vanishing or even positive field gradient, thus not contributing to the slowing length at
all, whereas the falling edge produces stronger field gradients, which is hard for the atoms’
trajectories to track. So it was unclear, whether the slower could be brought to work,
despite the foreseen safety factor.
As the power supplies for the coils were not finished at that time and due to the lack of
Figure 3.36: Comparison between the design field (green), the measured field (red) and the approxima-
tions based on the coil geometry (black: Biot-Savart integral over continuous current density, blue: Sum
field of individual wire loops).
a reliable, powerful laser source, it was not possible to test the function of the Zeeman
slower in practice. To check, whether the existing setup could be made work, e.g. by
reducing the maximum captured velocity v0 or by strongly saturating the transition to
flatten out the bumps, and to have a versatile design tool at hand for the case that a new
slower would have to be built, a virtual slower was modeled in MATLAB.
The program consists of two parts: One that determines the currents for a given set of
coils, that best match an optimum field geometry. The second part calculates atom tra-
jectories for a given magnetic field.
In the first script, the user has to specify the intended parameters of operation, being the
maximum initial velocity, end velocity, laser detuning, the length of the slower and the
characteristic data of the atomic species. With these parameters, the ideal field gradient is
calculated. The user can also specify the geometry of the coil sections. The resulting axial
fields of the individual coils are then calculated by the program. Alternatively, datasets
describing the fields can be imported. Using the coil currents Ik as fit parameters, the
program then performs a least squares fit of the individual unit fields over the slowing
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is being minimized, where Bideal(z) is the ideal slowing field, Bk(z) are the actual fields
of the coil sections for a current of 1 A and Ik are the respective coil currents. As output,
the currents necessary to achieve the best approximation of the ideal field, the resulting
sum field and the residue of the fit are obtained. When no externally generated data
for the Bk(z) is available, for instance when modeling a new slower design, two different
methods are applied to calculate the coil fields: One approximates the coil field by the
sum of individual wire loops, where the inner radius, length of the section, the dimensions
of the wire used and the number of winding layers define the coil’s structure. For cross
checking, the dimensions of the coils’ cross sections and the total current (Ik×turns) can
be specified. In this case, the axial field is computed by integration of the current density
over the cross section of the coil package, using the integral of formula (3.13). As displayed
in Figure 3.36, there is reasonable agreement between the measured slower field and the
fields calculated on the basis of the existing coil’s dimensions. The simulation also revealed
the cause for the mysterious discrepancy between real and designed slower field: If the
inner radius (radius of slower tube) of the coil is doubled, the calculation reproduces the
original design curves. A confusion of radius and diameter due to ambiguous labeling of a
variable in the MATHEMATICA-script (described in [Har03]) used for the slower design is
most likely the reason.
The second script, called the flight simulator, calculates the trajectories along the beam
direction of the atoms inside the Zeeman-slower. Once again, the user can supply a
magnetic field profile or, by choice a set of individual coil fields and the corresponding set of
currents. For an arbitrary number of different initial velocities, the trajectories are plotted
in a graph or written into a file. Usually the (most instructive) phase space trajectories
v(z) are used to judge the performance of the slower. As the full data produced by the
simulation is held in memory, the time-dependence of position, velocity and acceleration
(z(t), v(t), a(t)) are accessible as well. One can easily vary operational parameters, like
currents, detuning and saturation parameter of the slowing beam, in order to find the
optimum settings or to test for their sensitivity to deviations.
The integration of the equation of motion
mz¨ = F (z˙, z) (3.49)
is accomplished by the simple Euler forward method. Though not as efficient and ro-
bust as more sophisticated methods of solving differential equations, such as Runge-Kutta
methods, it produces accurate results, provided the step-size is chosen small enough. The
optical force F depends on the detuning δ(B(z), z˙) according to (2.11), which in turn is
a function of the local magnetic field B(z) and the instantaneous velocity v as given in
(3.27). Since F (z˙, z) contains only smoothly varying functions, the problem can be ad-
equately solved by choosing a reasonably small time-step ∆t. When dealing with initial
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velocities of 1000 m/s at maximum and slowing lengths of a few 10 cm, a timestep of 1 µs
can be considered sufficient. As the magnetic field B(z) is only given at discrete data
points zi, it is interpolated by a cubic spline curve, enforcing a smooth curve to avoid
possible problems due to the discontinuity of the magnetic field representation.
Figure 3.37 shows a trajectory simulation in a field configuration optimized for an initial
Figure 3.37: Simulated phase space trajectories of atoms in the Zeeman slower for a red detuning of
the slowing laser of 224 MHz. The blue line maps the magnetic field, expressed in units of velocity
(v = µBB/~k + δ0/k), indicating the velocity an atom should have to be exactly in resonance with the
slowing laser. For medium saturation (s0=5) of the slowing transition, the slowing process is interrupted
(left), for high saturation of s0=20 (right), the atoms stay in resonance due to power broadening of the
absorption profile.
velocity v0 of 750 m/s and a final velocity vend of 50 m/s. For a low saturation parameter
s0, the atoms will drop out of resonance at the bumps in the field as expected. However,
if enough laser power is available, which is the case when using the tapered amplifier as
laser source, and the saturation parameter can be largely increased, the simulation shows,
that the Zeeman slower should work quite well, as evident from Figure 3.37. When leaving
the slower and entering the low field region, the atoms are still strongly influenced by the
slowing beam. Due to their low velocity the atoms spend a considerable time in the laser
field on their way to the trap region, and can scatter a large number of photons even from
a far off-resonant beam. The capture velocity of the MOT is estimated to be in the range
of 50–100 m/s, whereas the velocity of the atoms is much lower, when arriving at the trap.
It is not desirable to reduce the velocity of the atoms too far below the critical value for
the following reason: As the transversal velocity component of the atoms is not influenced
by the slowing process, the long time-of-flight between the end of the slower and the MOT
will lead to a significant broadening of the atomic beam, which has the consequence that
most of the slow atoms will not pass through the capture region. In our setup, this effect
is particularly pronounced, as the distance to the MOT is more than 30 cm.
In order to find a suitable field configuration, which does not reduce the end velocity of
the atoms too much, the motion of atoms with different initial velocities in the light field
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Figure 3.38: Simulated trajectories of atoms emerging from the Zeeman slower with different velocities.
Because of their low velocity and the high saturation parameter, they experience a considerable friction
force even under zero field conditions. At the standard slower detuning of δ=-224 MHz, resonance occurs
at a velocity of 150 m/s.
of the slower beam (in absence of any magnetic field) was traced over a distance of 30 cm
(Figure 3.38). The conclusion is, that for an optimum loading rate, the field configuration
should be chosen such that the exit velocity vend is quite above 100 m/s. In practice this
is achieved by setting the current of the last (reversed) coil to zero, which indeed results in
an increase in loading rate. The radial component of the MOT-field does not seem to have
much impact on the slowing- and capture process. When reversing the coil-current, and
thereby the direction of the magnetic field so that it would be in-line with the slower field,
no change in loading rate was observed. Figure 3.39 shows trajectories for coil currents
used in actual operation.
3.7.3 Lithium Oven
The thermal beam of lithium atoms required to feed the Zeeman slower is generated
by an effusive oven. A resistively heated reservoir contains a few gramms of Li, which
effuses through a small nozzle towards the experiment. The flux of atoms is conveniently
controlled by the reservoir temperature, as it varies linearly with the equilibrium vapour
pressure within the reservoir, as long as the condition for molecular flow through the nozzle
is fulfilled. This is the case, as long as the mean free path of the atoms is larger than the
nozzles dimensions. To avoid clogging of the nozzle by deposition of lithium atoms, it is
heated to slightly larger temperatures than the oven resevoir itself.
A formula for the vapour pressure dependence on temperature of alkali metals is given
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Figure 3.39: Simulated trajectories for currents as standardly applied in the experiment. The coil currents
are (from entry to exit): 6.88 A, 5.82 A, 5.13 A, 4.64 A, 4.48 A, 4.32 A, 3.78 A, 2.73 A, 0 A.
Figure 3.40: Vapour pressure curve of lithium.
by [Nes63]:
lg pv[Torr](T [K]) = lgA−B/T + CT +D lg T. (3.50)
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Fig. 3.40 gives the resulting vapour pressure curve, where the temperature is specified in
◦C and the pressure in mbar. Of the alkali metals, lithium has to be heated to the highest
temperatures, to yield a sufficient flux of atoms from an effusive source. Nevertheless, the
required temperatures in the range between 400◦C and 550◦C are quite moderate and no











Figure 3.41: Left: Cut through the heated nozzle. Right: Photograph of the CF-oven.
For operating temperatures up to at least 500◦C, an oven can be assembled of ordinary
CF-parts, if gaskets made of nickel instead of copper gaskets are used for vacuum sealing
[Sta05]. The oven developed for this experiment consists of a reservoir made of a steel
tube of 10 cm length and a diameter of 3.5 cm. At each end a CF40 flange is welded
on, one for attaching it to the cube chamber, the other one for refilling the oven without
having to dismount it from the vacuum system (see Fig. 3.35). The CF40 flange, which
connects to the oven chamber, has an additional CF16 knife edge and hole circle on its
face to mount the heated nozzle (Fig. 3.41). Two THERMOCOAX bifilar heating elements
were wound around the reservoir and tightly clamped to it by a stainless steel jacket. To
avoid convective cooling and temperature gradients due to the large thermal mass of the
refilling flange, the whole oven is packed in silica wool and wrapped with aluminum foil.
The nozzle has a diameter of d=1 mm and a channel length of l=15 mm. According
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to [Sco88], this geometry narrows the angular distribution of the effusing atoms to a cone
with an angle of 5◦in the regime of molecular flow, while at the same time the forward
flux intensity is preserved. Thus the flux of atoms emitted into the solid angle of the
capture region of the trap is not affected, but the number of atoms emitted into the
vacuum chamber at large angles is much reduced. The nozzle temperature is adjusted
independently by the current through the heating element coiled around it and can be
monitored by a spot-welded type K thermocouple attached to the nozzle.
The oven provided reliable operation and the CF-components remained resealable even
after heating to more than 500◦C. The major drawback was the nozzle heating: After
several days of operation at nozzle temperatures around 450◦C, the heating elements
showed a tendency to temporarily short-circuit, and finally burn. Without being heated
separately, the nozzle quickly blocked within one day.
High Temperature Oven
To overcome this lack of reliability, the CF-oven was exchanged for an high-temperature
oven, that had been originally used in producing a thermal beam of barium for electron
spectrometry after combined laser and electron impact excitation [Nie98]. This oven was
designed for continuous operation at temperatures higher than 800◦C.
The oven itself is made of molybdenum because of its chemical resistivity, low thermal
expansion coefficient and low magnetic permeability. The reservoir and the nozzle part
are tightly toleranced and are sealed by pressing the parts together. Ruby balls provide
thermal insulation against the front- and base plate pressing the oven parts together. The
heating elements have been refurbished and consist of a 0.5 mm tantalum wire guided
through insulator pearls (3 mm diameter, 4 mm length, 2 holes) of alumina. In analogy to
the bifilar heating elements, the wire passes each insulator twice to avoid stray magnetic
fields by the heating current. An oven temperature of 570◦C is reached for currents of
3.2 A (6.6 V) applied to the nozzle heating and 3.3 A (10.2 V) to the oven body.
This oven enables risk-free operation at temperatures beyond 500◦C, which has proven
helpful in increasing the loading rate of the trap. Instead of a channel the nozzle is merely
an aperture of 1 mm diameter. Thus a larger contamination of the oven chamber with
lithium is observed and the lithium stored in the reservoir is depleted more quickly. A
schematic of the oven construction is depicted in Fig. 3.42.
3.8 Experimental Control
In contrast to a standard reaction microscope, operating with a continuous jet of target
atoms, conducting experiments with the MOT requires an elaborate timing of the different
experimental phases with an accuracy of at least 10 µs. For a simple adaption of the trap’s
operating parameters, for example the off-time of the trap, the strength of the magnetic
field gradient or the loading time of the trap, to best fit the needs of the measurement
performed, these should be accessible ’on-line’ from a user-friendly interface. It is also
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Figure 3.42: Schematic of the high-temperature oven (after [Nie98]).
desirable, to synchronize the switching of the trap field with an arbitrary projectile trigger
with the same temporal resolution.
For this purpose, an ADwin Gold real-time sequencer system is employed to control all
relevant experimental parameters. This system consists of an independent real-time con-
troller that provides a number of analog and digital input and output channels. It is
programmed via a standard personal computer and can also exhange data with the PC
for reading out measured data or changing parameters of the systems output to the ex-
periment. This section describes the integration of the ADwin system into the experiment
and the user interface based on LabView.
3.8.1 The ADwin-System
The ADwin Gold DA system is an complete microcomputer with an 32bit-processor
(ANALOG DEVICES SHARC ADSP 21062) and 16 MB of memory. In principle it op-
erates independently from any PC-based system and generates output signals, acquires
signals from the analog inputs and performs arithmetic operations on them (in conjuction
with the analog output channels e.g. digital regulators can be implemented) and responds
to external trigger signals. An Ethernet-interface connects the system to a Windows-PC,
which is needed for booting, programming and reading out data or transferring the para-
meters of the experimental sequences to the ADwin.
It provides 8 analog output channels, that can generate voltages between -10 V and + 10 V
(25 mA ouput current, enough to drive 50 Ω loads) with 16 bit resolution and 8 analog
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inputs covering the same voltage range and either 12 bit (0.5 µs sampling time) or 16
bit DAC-resolution (5 µs sampling time). 32 bidirectional digital channels (DIO) working
with TTL logic levels are available, of which 16 are configured as inputs and 16 as outputs.
The ADwin is programmed via a programming language called ADbasic. The programs
are written with a special editor on a PC and then compiled and transferred to the ADwin
for execution. Processes, which demand exact timing, are best implemeted as a so called
high priority process. For a program which updates the output channels in well defined
time intervals, a cycle time is chosen, which could be as low as 1µs. This means that the
programm (in the following called process) is called in a strict timing scheme, i.e. in our
case every 10 µs. Compared to conventional programming, one has to take care, that the
program is structured such that the complete instruction block to be executed, after the
process is called, can always be processed in less than the cycle time. This is necessary,
because within the cycle of 10 µs enough processor capacity and computing time must
be available to complete other internal processes, which manage the communication be-
tween the ADwin and the PC. If this is not the case, timing conflicts between the different
processes emerge and the behaviour of the system will become rather indeterministic and
unstable.





Figure 3.43: Illustration of real-time process timing on the ADwin system.
updated directly from the controlling PC, even during the program/sequence executes.
For example, if one notices, that the off-time of the trapping field is possibly too long, the
variable defining this time can be modified within the running program, without having
to stop the measurement, edit and compile the program and to start the sequence anew.
In this experiment, a LabView graphical user interface allows to conveniently set the pa-
rameters of the experimental sequence.
The following devices are presently controlled by the ADwin system:
1. MOT-field current control (Analog Out)
2. MOT-field on/off (DIO)
3. CAMAC INHIBIT (DIO)
4. Slower field on/off (DIO)
5. Oven shutter open/closed (DIO)
6. CCD camera trigger (DIO)
7. AOM cooling laser on/off (DIO)
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8. AOM repumper laser on/off (DIO)
9. AOM slower laser on/off (DIO)
10. Oscilloscope trigger (DIO)
Further devices of the setup could be interfaced to the ADwin system, for example the
voltage-controlled oscillators (VCO) defining the laser frequency shift at the AOMs, which
would greatly facilitate systematic optimization of the MOT parameters. Additionally the
RF power applied to the AOMs and thus the amount of diffracted laser power could be















Figure 3.44: Devices connected to the experiment control system.
3.8.2 User Interface
At present, two main programs are at hand: One holds continuously the set values for the
analog and digital outputs and changes the state of an output channel only ’at the push of
a button’ on the LabView front panel. It is mainly used for adjustment and optimization
purposes.
The other program was specifically designed for the needs of the multiphoton ionization
measurements: It consists of two nested loops: The outer loop controls the loading process
of the trap, whereas the inner loop controls the measurement procedure, which is repeated
several hundred times. The parameters of three subsequent switching steps, i.e. the
switching times and the output states and voltages of the inner and outer loop are config-
urable from the front panel. If more steps are required, as in the case of the temperature
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measurement, these have to be implemented directly in the ADBasic program.
Exploiting synergies with the 6Li degenerate Fermi gas project of S. Jochim, which will also
use a LabView/ADwin based system to control the experimental sequences, an extended
version of the experimental control system is being developed in collaboration with the
electronics departement of MPI-K. The new software will enable experimental sequences
with an arbitrary number of steps and the generation of waveforms at the analog outputs.
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Characterization of the Lithium
Target
After reliable and reproducible operation of the lithium-MOT had been established, a
series of measurements was carried out to determine the basic parameters of the trap,
such as atom number and temperature and to elicit the potential for their optimization.
Of particular interest was the response of the trap to the periodic switching of the magnetic
field under different conditions and the question, which timing schemes could be applied
to guarantee most efficient use of the target atoms.
4.1 Diagnostic Methods
A lithium MOT consisting of only 105 atoms is already easily recognized by the bare hu-
man eye. As the trapped atoms are highly efficient light scatterers, information about
fundamental MOT properties can be easily obtained by monitoring the emitted fluores-
cence light. The most basic method is the registration of the emitted fluorescence by a
sensitive photodiode, which provides information about the total number of the emitting
atoms and its variation with time, providing convenient access to loading and decay rates.
By imaging the MOT with a CCD-camera, besides the total fluorescence, additional infor-
mation about the spatial extent of the cloud is gained, which allows the extraction of the
density profile. When short exposure times of a few hundred microseconds are sufficient to
yield enough signal to noise ratio, the dynamics of the MOT on a timescale of milliseconds
is accessible, such as its ballistic expansion when the confining potential is switched off.
This possibility is exploited in the temperature measurement, where the rate of expansion
of the cloud is determined from a sequence of pictures.
Though more advanced imaging technologies for the observation of trapped atoms ex-
ist, which are widely used to probe the properties of ultracold degenerate quantum gases,
such as absorption imaging or phase-contrast imaging [Ket99], the plain fluorescence based
methods deliver enough information for a relatively large sample of atoms like the MOT. A
minor drawback is an inherent uncertainty on the relation between scattered, respectively
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detected, fluorescence light and the number of atoms, as it is quite sensitive to the ex-
perimental conditions, such as the detuning and saturation parameter of the laser beams.
Especially for lithium the atom number is not easily calculated, because the excitation
and decay rates from and to both ground states and their population ratio have to be
taken into account. Commonly, absolute atom numbers (and derived quantities such as
density) are specified with an accuracy of an overall factor of 2, if much care has been
taken in calibration and modeling of the detection system and the atoms’ response to the
laser field, the relative error can be reduced to 20-30% (see section 2.2.3).
The fluorescence detection systems used in this experiment are described in the following.
4.1.1 Photodiode
A photodiode provides a convenient tool for on-line monitoring of the trap population
and loading rate, especially for aligment and optimization purposes by just connecting it
to an oscilloscope. For this experiment, a high sensitivity large area photodiode of type
HAMAMATSU S-1336-44BK with an active area of 3.6×3.6 mm2 is used. Light levels at the
diode of 1 nW have to be detected. The diode has a sensitivity of 0.37 A/W at a wavelength
of 670 nm, so to read out the signal with an acceptable signal-to-noise ratio, the diode is
directly interfaced to a home-built transimpedance amplifier with a transimpedance gain
(current-to-voltage conversion factor) of 2.5×108 V/A, both built into a compact metal
housing to shield the circuitry from enviromental electronic noise.
The circuit is made of an AD627 low noise operational amplifier, wired in the current-to-
voltage converter configuration with a 250 MΩ resistor in the feedback loop.
A 25.4 mm diameter lens with a focal length f=80 mm images an area of nearly 10×10 mm2
in the MOT plane onto the active surface of the diode and is mounted in an xy-translator
to optimize the signal. A bandpass interference filter with a central wavelength of 671 nm
and a FWHM of the transmission curve of 10 nm eliminates most of the room light and
other sources of non-resonant stray light. It has a specified transmission of at least 60%
at the center wavelength and is mounted directly in front of the diode.
The complete detector assembly including the filter has been calibrated independently:
The diode was irradiated with well controlled light powers from 10 nW to 100 nW. This
was achieved by coupling a beam from the master laser into a single mode optical fiber.
By intentional misalignment, the output power at the fiber exit, which was placed directly
in front of the diode, could be varied in a controlled manner between 10 nW and 150 nW.
The incident light power was measured with a OPHIR Nova II powermeter with a silicon
sensor. Though every care has been taken to reduce the influence of any straylight, we
estimate the power measurement to be reliable to ±5%. A linear fit through the measured
values gave a calibration factor of 60.53 mV/nW, which is in fair agreement with the
theoretical value of 54.57 mV/nW when calculated with the specifications of the filter and
the diode.
The fluorescence signals obtained by the photodiode exhibits noise proportional to the









Figure 4.1: Setup of the fluorescence monitor diode. A 1”-diameter lens covers almost the whole solid
angle available for light collection at the CF40 window port (30 cm away from the trap) and images it to
the photodiode.
the obtained signal traces are usually smoothed before further processing. Alternatively, a
lowpass-filter can be inserted downstream. The high susceptibility to noise is presumably
due to the extremely high transimpedance gain and can hardly be avoided. Attaching a
similar photodiode to a commercial amplifier with a maximum gain of 108 V/A produced
even higher noise levels.
4.1.2 Fluorescence Imaging
The second diagnostic tool is a CCD camera of type Pixelfly QE (PCO IMAGING). This
camera has a 2/3”-CCD sensor with a resolution of 1392×1024 pixels and a quantum effi-
ciency of 45% at a wavelength of 670 nm. The image data is read out with 12 bit dynamic
range, corresponding to 4096 intensity levels. A macro lens with focal length f=50 mm
and optical aperture of 12.5 mm (f/#=4), placed directly at the viewport images the
MOT onto the chip. The camera can be triggered by the camera control software or ex-
ternally via a rising edge TTL signal from the experimental control system.
Energy Calibration of the CCD Camera
The camera’s sensitivity has been calibrated, to be able to determine the atom number
directly from the MOT images. Therefore, the chip was irradiated with a low power laser
beam of 671 nm wavelength of known intensity from a single-mode fiber. The gaussian
beam was aligned in a way that it was completely imaged by the chip. Images were then
recorded for different combinations of laser powers and exposure times. Assuming a linear
and homogeneous response of the sensor all over the chip size, which is well fulfilled in the
case of CCD-arrays, the pixelsum (sum of the bit-values over all pixels) is then proportional
to the energy incident on the chip during the exposure interval. This procedure has been
carried out for different laser powers between 90 nW and 3 µW with exposure times from
7 ms down to 300 µs. These are also representative values when capturing images of
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the MOT. For calibration, first a background image (image taken with the laser turned
off) is subtracted from the laser image to remove any offset due to residual stray light
(which made up about 10% of the total pixelsum). Then the pixelsum of the image is
calculated. To account for intensity fluctuations in the laser output, the average pixelsum
of 20 pictures is calculated for each combination of laser power and exposure time, i.e. for
each value of incident energy. A linear fit through the measured data points then provides
the calibration factor η that relates the bit-value of one or several pixels to the collected
light energy. For the low gain setting the value
ηlow = 3.25 · 108 counts
nJ
(4.1)
is obtained, in the high-gain mode, which is routinely used for MOT imaging, the conver-
sion factor is




By calibration of the imaging scale, the spatial extent of the MOT and its density dis-
tribution (or rather its projection along the camera’s line of sight) can be determined
quantitatively. To obtain a reliable value for the imaging scale of the camera system, the
macro lens focus was adjusted to produce a sharp image of the MOT (the depth of field
is less than 1 cm). Then a caliper was placed in the focal plane. From the image taken,
the mm-gauge was cut out and projected onto the y-axis of the image (cyan line on the
left hand side of figure 4.2). From the average distance in pixels between neighbouring
minima of the resulting dataset, the imaging scale in mm/pixel was determined to be
38.0 µm/pixel. Though only a tiny fraction of the CCD-chip is used to capture images of
the trap, enough information about the shape and the density distribution of the MOT is
gathered: Since the atom cloud exhibits a smooth Gaussian-like shape with some random





























Figure 4.2: Both images show a section of 200×200 pixels of a full CCD-image. The left hand side image
shows the mm-scale of a caliper, used to extract the imaging scale. The picture on the right shows a typical
MOT with 7.0·106 atoms. The colourbar maps the light intensity in units of 12-bit grey-levels.
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fluctuations in width under ordinary conditions, there are no features much smaller than
the overall dimension of the MOT to be resolved. The concentration of the incident light
on relatively few pixels enables very short exposure times of less than 1 ms, while still
preserving an acceptable signal-to-noise ratio. This is of particular importance for the
temperature measurements.
4.2 MOT Characteristics
Utilizing the MOT as a target for scattering experiments, the properties of interest in
order to specify the ’performance’ of the target are its density distribution and the area
density (cross section), the temperature and its spatial extent.
Compared to a supersonic jet target, a MOT target can be varied in density over many
orders of magnitude without much change in the other key properties, i.e. its tempera-
ture and size. Concerning density there is virtually no lower limit, the MOT can always
be made arbitrarily thin by reducing the loading rate, loading time or reducing the field
gradient. This capacity was of particular usefulness for adjusting appropriate event rates
in the multiphoton ionization measurements.
For the study of other processes with low ionization cross sections or low projectile flu-
ence, a dense target is desirable to maximize the event rate. Supersonic jets have typical
densities of 1011 to 1013 atoms/cm3, which are hardly achieved with a MOT. An opti-
mization for the one or other parameter, e.g. temperature has not yet been done, since for
the measurements performed this was not needed, but could be done in a straightforward
(but time-consuming) manner with the implemented diagnostics. In the measurement
presented in the following, it was tried to push the atom number and target density to its
limits.
4.2.1 Loading Rate and Atom Number
The axial MOT field gradient was 9.5 G/cm. The red detuning of the laser frequencies
from resonance that maximized the fluorescence signal was found to be δ = (−4 ± 0.5)Γ
for both the cooler and the repumper beam. To verify, that the maximum in the observed
fluorescence signal on the photodiode corresponded indeed to a maximum in atom number,
the trap was continously loaded for different detunings δ of both lasers. Then the detuning
was suddenly switched to the reference value δ = −2Γ for the cooling laser and δ = 0 for
the repumper, which results in an instant increase of the fluorescence signal due to the
increased scattering rate. The setting for the maximum atom number is found, when the
fluorescence signal after the jump in detuning is highest.
This choice of parameters is in agreement with the measurements of Schu¨nemann et al.,
who presented an extensive characterization of their lithium MOT. They found, that atom
number trap and loading rate were maximized for red detunings of both beams between
−5Γ and −3Γ [Sch98a].
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As discussed in section 2.2.3, a reliable determination of the atom number from the flu-
orescence emitted by the trapped atoms alone is not possible for a lithium-MOT. In the
sense of providing a maximum conservative estimate for the atom number, the figures
given here were calculated for a fully saturated transition, i.e. a scattering rate per atom
of γ/2.
The measurement was performed with maximum powers of 50 mW in each of the radial
beams and 45 mW in the axial beams. With a beam diameter 2w0 = 12 mm, this gives
a peak intensity of about 88.4 mW/cm2 in the center of a single beam. All six beams
together lead to an on-resonance saturation parameter of s0=200 at the location of the
MOT, if the two-level saturation intensity is employed, and of s0 = 97 for the transition-
averaged saturation intensity 〈Is〉 as given by equation (2.40). Taking into account the
laser detuning of 4 linewidths from resonance, equation (2.2) yields a scattering rate of
0.75γ2 for the first case and 0.60
γ
2 for the latter case. Considering the multilevel structure
of the lithium atom, the real atom number could be up to a factor of 1.6 higher and with it
the other quantities derived from the absolute atom number. Under otherwise optimized
Figure 4.3: Left : Achievable loading rate in dependence on the temperature of the lithium effusive oven.
Right : Equilibrium atom number vs. loading rate.
conditions, the main handle to bring about an increase in atom number and loading rate,
is to increase the flux of atoms from the oven by increasing its temperature. The loading
rate is directly extracted from the loading curves: For small times the initial slope of the
loading curve directly yields the loading rate L, as can be seen from the derivative of
(2.23). The left hand graph of Figure 4.3 shows the loading rate in dependence of the oven
temperature and proves a steady increase in loading rate with the oven temperature. At
a temperature of 572◦C, a loading rate of 7.8 · 106 s−1 is achieved. According to (2.22), a
linear increase with loading rate is expected, as evident from Fig. 4.3.
The maximum observed atom number was 6 · 107. The error bars for the atom number
only contain the uncertainty in the solid angle covered by the fluorescence light collecting
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elements (lens of photodiode, macro lens of CCD-camera), which is the greatest source of
experimental error. Any model-dependent systematic error is not included and the given
results should be viewed as a lower bound on the atom number.
There are two remarks to be made:
Firstly, the measurements had to be performed under unfavourable vacuum conditions
with background pressures of p = 1.8 · 10−9 mbar and measured loss rates of R ≈ 0.15 s−1
(trap lifetime τ ≈ 6.6 s). The maximum atom number can be much enhanced by a lower
background pressure. Since a pressure of less than 5·10−11 mbar has been achieved during
the multiphoton ionization measurements, a significantly higher atom number should be
possible (equation (2.25)) under these conditions. This will also help to reduce the ex-
perimental cycle time, as the linear increase of the loading curve before saturation sets
in (see Fig. 4.4) extends towards higher atom numbers. One must, however, be aware
of the fact that increasing the oven flux by a higher temperature produces predominatly
fast, hot atoms that cannot be captured by the Zeeman slower and will induce additional
collisional losses upon passing through the MOT-region. The time constant of the loading
curve at an oven temperature of 572◦C is τload = 5.5 s (Fig. 4.4), hinting at the additional
losses through the thermal beam. The loss rate due to the lithium beam is then calculated
as Rbeam = 0.030 s
−1, i.e. the limit of the trap lifetime imposed by the thermal beam is
τbeam = 33.3 s.
Secondly, the maximum loading rate of 7.8 · 106 s−1 is rather low. Schu¨nemann et al.
report a loading rate of L = 6 · 107 s−1 at an oven temperature of 500◦C, where in our
experiment a rate of about 3 · 106 s−1 is expected. This is at least partly due to the large
distance from the slower exit to the trap region, which is 34.5 cm in our setup. In the
experiment of Schu¨nemann et al., this distance was only 17 cm. Additionally, the radial
gradient field of the MOT coils employed (radius of 24 cm) was merged with the slower
field [Eng97]. In our setup, this is not possible due to the much smaller intra-vacuum
coils and the larger dimensions of the chamber. There is no possibility to bring the slower
closer to the center of the chamber wihtout obstructing other axes of access.
The large distance between the end of the deceleration distance and the trap has dramatic
impact on the loading rate: The slower reduces the atomic velocities only along the beam
direction, while the transversal degrees of freedom remain unaffected. The slow atoms
leaving the Zeeman slower will have a long time of flight to reach the MOT, leading to a
drastic widening of the beam in the transversal plane, so that only a small fraction of the
slowed down atoms will actually traverse the capture region of the MOT.
If higher loading rates are desired, implementation of a transversal laser cooling and beam
collimation stage at the exit of the Zeeman slower should be considered, e.g. in form of a
transversal Doppler cooling section [Tem02], 2D-MOT [Sch02], [Die98] or magneto-optical
compressor (MOC) [Tem02]. This will drastically enhance the flux of slow atoms through
the capture area of the trap.
No signs of an non-exponential decay due to two-body collisions were observed in the de-
cay curves. These effects are on the one hand partly suppressed due to the deep trap (see
section 2.1.4), on the other hand they are most likely masked by the high one-body loss
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rate: According to data measured by Ritchie et al. [Rit95] and Kawanaka et al. [Kaw93]
for high trap laser intensities, the two-body loss coefficient β lies below 10−12 cm−3.
Figure 4.4: Typical loading curve (right) and decay curve (left) of the trap population (shown on a
logarithmic scale), registered by monitoring the trap fluorescence with a photodiode. The red line in the
decay curve is a fitted exponential decay function. There are no significant deviations, e.g. due to two-
body losses, visible. Both curves were measured at a background pressure of 1.8 · 10−9 mbar and an oven
temperature of 570◦C. The green line in the loading curve is a fit with equation (2.23). The slope of the
red line gives the loading rate. The time constant of the loading curve is reduced compared to the decay
constant due to collisions with thermal atoms from the loading beam.
4.2.2 Temperature
The most accurate method to measure the temperature of a magneto-optical trap, is
the so-called time-of-flight method, where the size of the cloud is monitored during free
expansion. After the MOT has been loaded to the desired atom number, the magnetic
field and the laser are instantly switched off. After a time t, the cloud is illuminated for
100 µs by the MOT-lasers and an image is recorded by the CCD camera. This sequence
is repeated a number of times, where t is increased in steps of 100 or 200µs. The recorded
pictures are then analyzed by a MATLAB-script, which extracts the widths Σx and Σz of
the clouds from the images. The density of the cloud quickly reduces upon expansion and
with it the signal-to-noise ratio. To reconstruct the Gaussian width of the recorded column
density distribution, the pixels are summed up along the dimension perpendicular to the
one to be measured, which, assuming a Gaussian distribution of the cloud, does not change
the width of the distribution, but much enhances the signal-to-noise ratio. The program
then determines the Gaussian widths of the cloud at each timestep by a least-squares-fit.
From the temporal variation of these widths the temperature is extracted.
The evolution of the expanding cloud is well described by a convolution of the initial
density distribution








Figure 4.5: Illustration of the principle of the temperature measurement. Top row : Raw fluorescence
image of the MOT (intensity is colour coded) in the trap (left) and after 650 µs (middle) and 1.45 ms
(right) of ballistic expansion (scale is in pixels). Middle row : The above density distributions integrated
along the vertical dimension (blue curves) and fitted gaussian distribution (red curves). The scale is again
given in pixels. Bottom panel : Widths Σx of the density distribution as a function of expansion time. The
red curve is a fit of (4.4) to the data points from which the temperature is determined.
with the time dependent density distribution of an expanding atomic ’point source’ of














The temperature of the MOT along a particular axis is obtained by fitting function (4.4) to
the experimentally determined widths Σx(t) and Σz(t). Figure 4.5 illustrates the principle
of the temperature measurement by the time-of-flight method. The left hand graph of
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Figure 4.6: Left: Temperature of the MOT. The expansion rates in the radial and axial direction may
differ from each other due to differences in the optical density of the cloud along the different axes and




Figure 4.6 gives the temperature along the radial direction Tx and the axial direction Tz
(radial and axial with respect to the symmetry axis of the MOT’s magnetic field). Under
the chosen conditions, the temperature turned out to be rather high and did not notably
depend on the atom number, i.e. it has its origin in the chosen set of laser and trap
parameters. For a red detuning of 4-5 Γ, Schu¨nemann et al. measured temperatures in
the range of 1 mK and 1.5 mK, whereas temperatures in the 300 mK range are achieved
for red detunings of 1-3 Γ. The extremely high laser intensities applied might be a source
of additional heating in our measurement. The radii of the trap (right hand side of Fig.
4.6) are likewise not strongly affected by the atom number. In accord with the data given
in [Sch98a], we find that at large laser detunings, the trap stays in the temperature-limited
regime for populations up to at least 107 atoms. This means, that the density distribution
is still determined by the Boltzmann-distribution of the atoms in the trap’s potential and
a blow-up of the trap due to multiple scattering of near-resonant photons plays no major
role, since the cloud is still transparent to the detuned photons.
The relatively high MOT-temperature can still be viewed as uncritical in view of recoil-
ion momentum resolution: A temperature of 2 mK leads to a momentum spread of ∆p =
0.008 a.u., compared to 0.003 a.u. at T = 300 µK for temperature optimized lithium
MOTs, which is both considered to be below the resolution of the spectrometer.
4.2.3 Target Density
As expected from the above considerations about the dependence of the trap volume on
the atom number, the peak density n0 increases almost linearly with atom number and
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Figure 4.7: Left: Variation of peak density of the atom cloud with the number of trapped atoms. Right:
Average number of atoms per cm2 for the central region of the target (≈ σyσz) as seen by a projectile
beam.
shows few signs of saturation (Figure 4.7). For an estimate of the target’s area density,
e.g. to calculate its interaction rate with a somewhat extended electron or ion beam (typ-
ical diameters 1 mm), an effective interaction volume with an cross section of πσxσz is
assumed. The average column density along the projectile direction (one of the radial
directions) of this volume is also shown in Figure 4.7.
4.3 Recapture Efficiency
One of the main features of the experimental setup is the capability of rapid switching of
the magnetic field. It is of particular interest, to quantitatively analyze the behaviour of
the MOT, when the magnetic field is switched for data acquisition, especially in order to
determine the experimental parameters that would enable most efficient use of the target.
In the series of measurements presented here, the switching sequence was applied with in-
creasing number of cycles, from 5 cycles to as many as 3000 cycles. At the beginning and
end of each release-recapture run, an image of the MOT was recorded, to determine the
ratio between initial and final atom number in order to extract the fraction of recaptured
atoms.
The parameters that were varied to test for their influence on the recapture efficiency, are
the release time, during which the magnetic field and the lasers are turned off, and the
recooling time, when the atomic cloud is recaptured by ramping up the magnetic field and
equilibrates again in the trapping potential. Measurements were conducted for two differ-
ent diameters of the MOT-laser beams (6 mm and 12 mm). Additionally, the possibility
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of shining in the trapping lasers during the release time to slow down the expansion of
the cloud by creating an optical molasses was tested. However, this method is not ap-
plicable in the presence of the magnetic electron extraction field of the reaction microscope.
4.3.1 Release Time
Figure 4.8: Fraction of recaptured atoms plotted vs. the number of switching cycles for a beam diameter
of 12 mm.
Figure 4.8 plots the fraction of atoms remaining in the trap against the number of release-
recapture cycles. The measurement has been performed with the trap loaded to about
7.5 · 106 atoms at a temperature of 2 mK and laser beam diameters (2 times the waist
radius) of 12 mm. The off-time is defined by the time interval, in which the lasers and
the trap field are shut down. At the end of the off-period, the lasers are turned on again
and the MOT-field is ramped up with a risetime of 500 µs to recapture the atomic cloud.
The time interval from the instant, where the ramp starts, to the point, where the field
is ramped down again, is defined as the recooling time. In this measurement, a recooling
time of 4 ms has been chosen. The result looks quite promising: When the off times are
below 1.7 ms, over a thousand switching cycles can be performed, without reducing the
atom number dramatically: the trap population is still higher than 30 % of its initial
value. For off times larger then 2 ms seconds, a rapid decline of the recapture efficiency is
observed, but if a particular measurement demanded a field free period that long, at least
some hundred cycles are possible. Figure 4.9 shows the same data on a semilogarithmic
scale. The fact, that the curves appear as relatively straight lines, suggests that they are
well approximated by exponentials.
Another loss mechanism beside the loss induced by the trap recycling is to take into
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Figure 4.9: The data of Fig. 4.8 on a semilogarithmic scale.
account: The atoms are subjected to collisions with background gas molecules all the
time. The data were taken under modest vacuum conditions, when the pressure in the
chamber was as high as 1.6·10−9 mbar and the associated one body loss rate was measured
to be R=0.125 s−1, corresponding to a time constant of τ=8.1 s. For 1000 switching cycles,
the sample in the measurement presented here had spent the considerable time of 4.8 s to
7 s within the vacuum chamber, which alone is responsible for a decline in atom number
to at least 55% of the intitial atom number.
Given the fact that the vacuum can be improved by almost two orders of magnitude in
pressure, the loss rate should decrease proportionally, and allow for a much more economic
use of the loaded trap. To separate the collisional loss of atoms from the loss due to
the turned off trap potential, one can assume the following rate equation for the time-
dependence of the atom number N(t):
dN(t)
dt
= −(R+ S)N(t). (4.5)
R is the one-body loss rate as defined in (2.22). S describes the additional atom loss
brought about by switching in terms of an effective loss rate. It is reasonable, to assume,
that S does not depend on the atom number (at least for atom numbers not too big), but
depends only on the MOTs operational parameters. The solution of (4.5) for a loaded
trap of N0 atoms at t0=0 is
N(t) = N0e
−(R+S)t. (4.6)
Knowing R, which was determined independently, the switching loss rate S is obtained by
simply dividing the measured data points by exp(−Rt). For a sequence with a switching
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cycle period of T , a loss factor per cycle s is defined by
s = e−ST . (4.7)
Figure 4.10: Recapture efficiencies for 12 mm trapping beam diameter after factoring out the loss rate
due to background gas collisions.
4.3.2 Other Parameters
Besides the off time of the trap and the influence of the background pressure through the
total experimental time, there are other trends recognizable from the data. This section
lists some of the findings of the investigations.
Beam Diameter
It is intuitively clear, that a larger diameter of the MOT laser beams, and therefore a larger
capture region will enhance the recapture efficiency and allow for longer data acquisition
periods. In a larger trapping volume, only the fastest (’hottest’) atoms will be able to
leave the trapping volume during the period of free expansion. The graph on the left
hand side of Figure 4.11 shows the recapture efficiency (corrected for collisional losses)
for trapping beam diameters of 6 mm. The curves resemble closely the ones of Figure
4.10, apart from the fact, that the off times which result in the same net loss of atoms are
about twice as long for a beam diameter of 12 mm. Directly comparing data for the two
different trap configurations (right hand side of Figure 4.11), one finds, that off times of
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Figure 4.11: Left : Switching loss curves for MOT-beams with 6 mm diameter. The numbers next to the
curves indicate the respective off times. The relative atom number is corrected for collisional loss. Right :
Direct comparison of the recapture efficiency for beams with 6 mm and 12 mm diameter. By increasing
the beam size, the recapture efficiency can be greatly enhanced.
1 – 1.5 ms, which have little impact on the trap population in the case of a large capture
volume, introduce significant loss for the small beam configuration. In the course of the
present implementation of fiber optics for beam transport from the laser to the reaction
microscope, beam diameters of 22 mm will be realized. This will undoubtedly help to
further improve the efficiency of the recapture process.
Recooling Time
Figure 4.12: Influence of the recooling time on the recapture efficiency: For small diameter beams (6 mm),
a longer recooling time drastically enhances the recapture efficiency. Shining the laser in while the magnetic
field is off (molasses cooling) further reduces the loss rate. Relative atom number is corrected for collisional
loss.
Another parameter, that was seen to influence the number of recaptured atoms, is the
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recooling time, i.e. the time the atoms are held in the trap, before it is turned off again
in the next cycle. For the small diameter beams, the recooling time is an important para-
meter, which has dramatic impact on the atom number (Figure 4.12).
The decrease in overall event rate by doubling the dead time for data acquisition in going
from 2 ms to 4 ms recooling time, is more than balanced by the gain in atom number.
This effect is still pronounced, when the additional collisional loss due to the longer time
the atoms are held in the trap, is not singled out. When the expanded cloud is compressed
with the rising edge of the magnetic field and the atoms are pushed back towards the trap
center, some momentum is imparted to them, which has to be damped away. So there
has to be enough time for the MOT to equilibrate and to transfer the excess energy to the
radiation field. Since the rise time of the magnetic field is about 500 µs, the remaining
1.5 ms are not enough time for the MOT to reach the steady state.
For the 12 mm beam configuration a change in recooling time (varied between 2 ms and
8 ms) made no significant difference (not shown), indicating that the larger trapping region
suppresses loss due to the enhanced mean kinetic energy. Given large beam diameters,
the recooling time can be kept as short as possible, at least as long as an increase in
target temperature can be tolerated. At present, the minimum up-time of the MOT-field
is limited to 2 ms by the switching circuit.
Molasses Cooling
Another possibility to enhance the performance of the release-recapture sequence is mo-
lasses cooling by continuously shining in the MOT-lasers (Fig. 4.12), which seems to ef-
fectively slow down the ballistic expansion of the atomic cloud. Figure 4.13 demonstrates
the dramatic enhancement in the remaining fraction of atoms, if an optical molasses is
permanently applied. Even for off-times of 3 ms and longer, the lifetime of the sample is
essentially determined by the collisional loss.
Unfortunately, an optical molasses is not applicable, when electrons are to be detected.
When the MOT-field is switched off while the electron extraction field is present, there
is no more zero-field position the atoms are trapped in. In the homogeneous electron
extraction field, everywhere in space and for all atoms a situation is encountered, which
(according to the simple MOT-model presented in Chapter 2) corresponds to the atoms
sitting at a position several mm outside the MOT-center, where they experience a strong
restoring force (Fig. 4.14). Thus the cloud will be pushed away by the beam components
co- or counter-propagating with the field lines.
In fact this behaviour has been observed. By controlled exposure (100–1000 µs) of the
atomic cloud to the MOT-light in the presence of the Helmholtz-field, the amount of mo-
mentum transferred to the atoms could be distinguished by monitoring the distance the
atoms travelled within a millisecond, which was found to be up to 5 mm.
For recoil-ion measurements, this technique is readily applied, if the contribution of the
excited state is examined. In a more refined switching scheme, for example in a laser
132
4.3. Recapture Efficiency
Figure 4.13: Red curves: Recaptured fraction, when the lasers are not shut down together with the
magnetic field. Blue curves: Recaptured fraction, when both lasers and magnetic fields are switched.
For better visibility of the individual curves, the data has not been corrected for collisional losses. The
MOT-beam diameter was 12 mm.
Figure 4.14: The pushing effect explained in a 1-dimensional model. The Helmholtz field shifts the σ−-
transition (∆mF = −1) into resonance with the laser frequency, while the σ+-transition is shifted further
away. The imbalance in the scattering rate produces a spatially constant net force on the atom.
ionization experiment, where the laser has a repetition rate of some kHz, the MOT-lasers
could be synchronized such with the laser pulses that they are just switched off within a
timing window of 20–40 µs around the laser pulse, to let the excited state fraction decay.
The response time of the acousto-optical modulators employed as fast beam shutters is by




This chapter presents first measurements on multiphoton ionization of laser-cooled lithium
performed with the new apparatus. First the experimental procedure and conditions are
described. Then an overview of the specific properties and peculiarities of lithium in
strong laser fields, compared to other species studied in strong field experiments, namely
the noble gases, is given. The third part, finally presents the obtained data and describes
our observations at least on a qualitative, phenomenological basis. Whenever possible,
quantitative account for the experimental findings is given.
5.1 Experimental Procedure and Conditions
As a pilot experiment, measurements on multiphoton ionization in an intense Ti:Sa laser
field were performed, using one of the group’s fs-laser. Photoionization was an ideal can-
didate for first measurements: It is straightforward to implement, given a suitable laser
source and constitutes an exceptionally clean collision system: With fixed energy and
negligible momentum transfer from the photon field to the atom and only two particles
in the final state, the photoelectron and the recoil-ion, the kinematics of the process is
easily understood and evaluated. The small size of the interaction region of well below
1 mm, given by the size of the laser focus, makes it possible to obtain spectra with high
momentum resolution.
Unfortunately a leakage at a feedthrough of the electron detector occured and no accept-
able vacuum conditions could be brought about. In order to proceed quickly with the
measurement, it was decided to skip electron detection, since only a limited amount of
beam time at the fs-laser was to our disposal.
Concerning single ionization, this is not a severe drawback: For the case of single ioniza-
tion, the recoil ion carries the same information as the photoelectron, so the measurement
can be considered as kinematically complete. Even in experiments on double- or multiple
photoionization, essential information about the collision process and the different reaction
channels is extracted from the recoil ion spectrum. An at least qualitative understanding
is already possible by analyzing the shape of the time-of-flight spectrum [Jes04], [Mos00].
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The first spectra were taken at high peak intensities up to the PW-range in hope to
collect doubly-charged ions and to possibly identify signatures of non-sequential double-
ionization. It became soon clear, that there was no chance to gather sufficient statistics
on that process, in fact, no doubly charged Li ions had been observed in these runs. This
is not really surprising when considering the extraordinary high 2nd ionization potential
of lithium of 75.6 eV.
The focus of the investigations was shifted to much lower peak intensities in the range
between 1011 W/cm2 and 1013 W/cm2 and to the influence of the presence of Li(2p) ex-
cited states in the trap. Some series of measurements were devoted to the estimation of
the effects of the different modes of operation of the trap. A thorough and systematic ap-
proach to the measurements to tackle all the experimental as well as physical implications
of the MOT-target was not possible in view of the given temporal constraints. But the
data and experience gained in working with this new class of target certainly paves the
way for upcoming investigations.
5.1.1 The fs-Laser System
Q-switched f-doubled Nd:YAG pump laser

















Figure 5.1: Schematic of the fs-laser used in the measurement.
The laser system used for the experiment is a titanium-sapphire oscillator-amplifier com-
bination of type FEMTOLASERS Femtopower pro (see schematic in Fig. 5.1). It is capable
of producing pulses of 25 fs length (FWHM) at 795 nm central wavelength with a pulse
energy of up to 400 µJ at a maximum repetition rate of 3 kHz. During the measurements,
the repetition rate was 2.2 kHz.
The pulses are created in a Kerr-lens mode-locked titanium-sapphire oscillator, delivering
13 fs pulses of 4 nJ energy at a rate of 75 MHz. To achieve peak intensities in the PW/cm2
range, the pulses have to be amplified. This is done by means of Chirped Pulse Amplifica-
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tion (CPA) [Str85]. The temporal envelope of the pulses is stretched to a thousand times
the original length by imprinting a strong dispersion on the spectrum (’chirping’). Thus
the peak intensity is reduced to values below the damage threshold of the amplifier crystal
and other optical elements. A pulse picker, consisting of a Pockels cell and polarization
optics, reduces the repetition rate to the kHz range, by only letting one pulse pass through
the amplifier, when the amplifier crystal is pumped by the Q-switched pump laser. After
multiple passes through the amplifier, the amplified pulse is recompressed by removing
the chirp in a prism compressor. Here, also any dispersion picked up on the beampath to
the experiment can be pre-compensated. The beam is then transferred to the experiment
and enters the chamber through a anti-reflection coated window. Opposite to the laser
window, a spherical silver-coated mirror of focal length f=75 mm is mounted in vacuum.
It can be moved and tilted by means of a linear translator and an adjustable bellow to






































Figure 5.2: Simplified scheme of the data acquisition system.
By the use of a xy-delay-line detector for recoil-ion detection, all kinematic quantities are
derived from signal arrival times with respect to an initial trigger signal. The fs-laser
setup provides a NIM trigger signal for each emission of a light pulse from the amplifier,
which is transferred to the experiment and starts the clock of a TDC (Time-to-Digital
Converter). On ion impact, the MCP-stack of the detector creates a voltage spike that
is capacitively picked up from the high voltage supply lines of the detector. This signal
defines the time-of-flight of the ion. The subsequently arriving voltage pulses from the
ends of the delay lines, and the channel plate are amplified and converted to logic level
signals by constant fraction discriminators (CFD). Finally they are sent to the TDC as a
stop signal. The TDC is a multi-hit TDC, which can register 3 stop signals per channel
for one start signal. Since much less than one ion should be produced per shot, at least the
detected multiple events can be excluded from data analysis. The raw data of the TDC’s
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registers is read out by a ROENTDEK CAMAC-controller, which transfers the data to a
PC, where the events are written to the hard disk in a list mode file. The read-out of the
TDC by the CAMAC-controller is initiated by a delayed copy of the laser trigger at the
event-in port (EVT IN) of the controller. This signal can be blocked by the experimental
control system. Thus ion signals produced during loading of the trap or while ramping
the magnetic field are gated out. The period between two laser shots was 455 µs at a
repetition rate of 2.2 kHz, which is approximately the same time, the magnetic field needs
to completely ramp down. The switching sequence of the magnetic field and the trapping
lasers was programmed such, that it synchronized itself with the lasers pulse train. After
the end of the recooling time, the ADwin-system waits for a laser pulse trigger, before
initiating the ramping down of the field (Fig. 5.3). After 400 µs, the data acquisition is
unlocked, just in time for the next laser pulse to arrive. Usually, the trapping field was off
for two laser shots before the atoms were recaptured.
Figure 5.3: Timing sequence for field-free recoil-ion detection.
5.1.3 Intensity Calibration
Since the beam parameters and pulse duration of the fs-laser within the vacuum chamber
were not exactly known, a simple method for determining the pulses’ peak intensity in
situ was applied [Aln04]. The main component of residual gas in the extreme UHV-range
is molecular hydrogen H2 which diffuses through the walls of the vacuum vessel. Time-of-
flight spectra of the protons emerging from doubly-ionized H2 for different intensities were
taken. There are different fragmentation pathways for H2 in an intense laser field [Rud05]:
The fragmentation essentially proceeds in two steps. By single ionization of the neutral
molecule, the vibrational wave packet of the ground state is transferred to the electronic
ground state potential curve of H+2 . As the wave packet is no longer an eigenstate of
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Figure 5.4: Intensity distribution within a Gaussian laser focus with waist w0=19.8 µm (795 nm wave-
length). Note the different axis scaling. Left : Relative intensity in linear scale. Right : Relative intensity
in logarithmic scale. Figures in colourbar are in dB.
the molecular Hamiltonian, it starts to propagate on this potential curve. Via absorption
of additional photons, it can switch to dressed potential curves, spaced by one photon
energy, which leads to dissociation of molecule into a proton and a neutral H. The other
fragmentation channel is sequential double ionization (SDI) much like in the atomic case.
After removal of the second electron, the molecule then explodes due to the Coulomb
repulsion of the residual protons. The kinetic energy of the protons is a sensitive probe
for the internuclear distance R at the instant of ionization [Erg06]. The main difference
to atomic ionization is an additional dependence of the ionization potential on R and
an enhancement of the ionization rate at an internuclear distance between 3.5 and 7 a.u.,
which maps to a proton energy of 2–4 eV, due to an effect called charge resonance enhanced
ionization (CREI) [Zuo95]. The different fragmentation channels produce distinct peaks,
which are easily identified in the time-of-flight spectra. The relative height of the peaks
varies in a characteristic manner in the range between 1014 W/cm2 and 1015 W/cm2, as
the high energetic CREI-peaks emerge and begin to dominate over the dissociation peaks.
Using our group’s expertise in strong-field ionization of hydrogen, a series of spectra was
recorded at known average laser power or pulse energy, respectively. By comparison with
hydrogen spectra taken in experiments at the fs-laser reaction microscope with 25–30 fs
pulses, which had been independently intensity calibrated, e.g. by the kink in the energy
distribution at drift momentum 2Up, the measured output power of the laser could be
related to the peak intensity of the pulse with a relative accuracy of approximately 30%.
For an average output power measured at the laser of P¯ = 50 mW (22.5 µJ pulse energy),
a peak intensity of 6 · 1014 W/cm2 was assumed. The standard calibration factor for
categorization of the spectra was taken to be I/P¯ = 1.2 · 1016 cm−2.
The intensity calibration also yields an estimate for the laser focus size inside the chamber:
Assuming a pure Gaussian beam, that is focused to a waist radius w0, with pulses of length
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Solving for w0 and inserting the known values, a waist radius of w0=9.8 µm (corresponding
to a spot size of 19.6 µm) is obtained. This is a rather large value compared to the 7 µm
achieved in the fs-laser reaction microscope, but realistic, since not too much emphasis
had been put on beam shaping and alignment prior to focusing. However the achieved
intensities were by far sufficient.
The corresponding Rayleigh range z0 amounts to z0=380 µm, which is a rather large
extension along the transversal spectrometer axis. Fig. 5.4 shows the intensity distribution
within a focus of these dimensions.
5.1.4 Experimental Effects
This section briefly discusses the impact of the experimental settings on the obtained
spectra. Many spectra had been taken during continuous operation of the MOT, since this
allowed a higher overall event rate as compared to the switching mode with its inherent
dead times due to the recapture and trap loading process. Therefore, it was important to
clarify, what influence the presence of the gradient field of the MOT would have on the
recoil-ion spectra. The question of momentum resolution is also addressed.
Influence of the Magnetic Field
To investigate the effect of the MOT’s gradient field on the recoil-ions, series of spectra
were taken under otherwise identical conditions. Figure 5.5 shows spectra recorded at
zero magnetic field (pulsed mode) and for different field gradients. The lower spectrum in
the time-of-flight spectrum (left hand side of Fig 5.5) was recorded with the MOT-field
shut down during data acquisition and thus was not affected by the magnetic field. The
spectra (containing contributions of ionization from the excited state of the MOT’s cooling
transition) do not show much difference in their overall shape or width. The effect of the
magnetic field becomes only apparent in a slight shift of the peak positions towards larger
time-of-flights with increasing field. This shift amounts to roughly 10 ns at most, which
is negligible compared to the total time-of-flight of the ions of 24092 ns for an extraction
field of 1 V/cm (the arrival time displayed in the spectrum was measured with respect
to a delayed trigger signal). This indicates, that the magnetic field induces no significant
energy transfer between the longitudinal and transversal momentum components. The
longitudinal momentum calibration is not affected either.
The analysis of the position spectra gives a different picture: With increasing magnetic
field, the center of the hit-position distribution will move away from the zero-field posi-
tion. At the same time, the initially circular ion spot is deformed into an ellipse. This is
in agreement with the observations of Nguyen et al. [Ngu04], who also report on trajec-
tory simulations which confirmed this effect, and claim that the mean radius of the ellipse
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MOT-field switched off










MOT-field 9 G/cm (32 A)
MOT-field 12.8 G/cm (45 A)
Figure 5.5: Left : Raw time-of-flight spectra taken for different MOT-gradients. The curves are arbitrarily
shifted with respect to each other for visual convenience. The lower spectrum represents the field-free case.
Right : Position spectra generated from the same datasets. There is a marked dependence of the hit-position
and shape of the ion distribution on the magnetic field.
should be equal to the radius of the circular pattern, which would be obtained under field-
free conditions. They also conclude, that the longitudinal resolution is not substantially
affected.
When original, uncorrected position spectra are used to calculate transversal momenta
or total energies, the ellipsoidal distortion of the position spectrum mimics much larger
transversal momenta and energies than actually present in the momentum distribution.
Figure 5.6 reveals a correlation between the time-of-flight and the hit position on the
detector. The y-coordinate describes the radial distance of the ion hit from the geomet-
rical center of the detector (which coincides the symmetry axis of the spectrometer). In
the presence of the MOT-field the time-of-flight is proportional to the distance from the
symmetry center. However, the projection to the time-of-flight remains largely unaffected
(compare Figure 5.5), but as mentioned above, the raw fully-differential datasets obtained
during continous MOT-operation are not suitable for a quantitative analysis. The spec-
trum on the left hand side of Figure 5.6 was recorded under field-free conditions and is
free of such correlation effects.
Resolution
In the case of coincident ion- and electron detection, the momentum resolution along the
longitudinal direction (time-of-flight axis) and the transversal direction (position axis) of
a measurement is inferred from the width of the momentum balance peak between the ion
and the ejected electron(s). Since the electrons were not detected, this procedure is not
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MOT-field switched MOT-field 12.7 G/cm (45 A)
Figure 5.6: Correlation between time-of-flight and hit-position on the detector. The spectrum measured
during continuous MOT-operation (right) exhibits a pronounced correlation, which is absent under field-
free conditions (MOT operated in switching mode).
Figure 5.7: Determination of longitudinal momentum resolution.
applicable for the data presented here. To estimate an upper bound for the achievable res-
olution of the apparatus, a spectrum with remarkably narrow peaks and steep peak edges
was picked out and a Gaussian fitted to the edge of the peak (Figure 5.7). The FWHM is
found to be 0.067 a.u.. Target temperature is not the limiting factor to resolution, even
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1st IP [eV] n 2nd IP [eV]
Li(2s) 5.39 4 75.64
Li(2p) 3.54 3 75.64
He 24.59 16 54.42
Ne 21.57 14 40.96
Ar 15.76 11 27.63
Xe 12.13 8 20.98
Table 5.1: n gives the threshold number of Ti:Sa photons to overcome IP. Data from [NIS07].
at a relatively ’high’ MOT-temeprature of 2 mK, the width of the thermal momentum
distribution corresponds to a FWHM of only 0.008 a.u.
The longitudinal resolution is mainly limited by the extraction field of 1 V/cm, which
produced a relatively concentrated ion spot on the detector of 3 mm diameter. The lower
limit for the transversal resolution is set by the time resolution of the TDC of 500 ps. With
a propagation constant of the delay line of 1.98 ns/mm the position binning is limited to
0.25 mm, which at the set extraction voltage corresponds to a transversal momentum of
0.08 a.u..
5.2 Lithium in Intense Laser Fields
The extremely low first ionization potential of Li puts it in striking contrast to the noble
gases almost exclusively used in strong field experiments with single atoms: The noble
gases on the one side with their closed shell configuration exhibit the highest ionization
potentials within the respective period of the periodic table, their first and second ion-
ization potentials having a typical ratio of 1:2. Lithium as an alkaline metal with its
loosely bound outer electron on the other hand features a modest ionization potential of
only 5.39 eV. In contrast, its ionic core Li+ in He-configuration has the highest second
ionization potential of all singly charged ions. Table 5.1 lists the ionization potentials of
Li and a selection of noble gases. It is basically the ionization potential IP, that governs
the atom’s response to the laser field: Deeply in the regime of multiphoton ionization, the
threshold number of photons given by IP and the associated exponent of nonlinearity as
defined in (1.15) determine the ionization rates at different intensities. For a Ti:Sa laser
of 795 nm wavelength (1.56 eV photon energy), only 4 photons are required to ionize a
lithium atom from its ground state. This means, that the order of nonlinearity of multi-
photon ionization of lithium is by far lower as compared to helium or still xenon, and that
the ionization rate should be magnitudes higher at low intensities.
Further differences in the response of the different species arise due to the dependence
of the Keldysh parameter γ on the ionization potential. At a fixed laser frequency ω, it
decreases as γ ∝
√
IP
I , i.e. the lower IP, the lower the intensity at which the transition
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1st IP [eV] IOBI [W/cm
2] γ Up [eV]
Li(2s) 5.39 3.38·1012 5.29 0.20
Li(2p) 3.54 6.28·1011 9.76 0.037
He 24.59 1.46·1015 0.53 86.1
Ne 21.57 8.65·1014 0.65 50.5
Ar 15.76 2.47·1014 1.0 14.6
Xe 12.13 8.66·1013 1.5 5.11
Table 5.2: Over-the-barrier intensities IOBI of Li and some noble gases and the corresponding Keldysh
parameter γ and the ponderomotive potential Up at these intensities.
from multiphoton to the tunneling regime occurs.
Another quantity with a strong dependence on IP to keep in mind is the over-the-barrier
intensity IOBI as defined in Section 1.1.6. Scaling with IP
4, it shows remarkable differ-
ences between the atomic species. Concerning Ti:Sa radiation and pulses shorter than
100 fs, all of the noble gases can reach the regime of tunneling ionization γ > 1, before
a saturation of the ion yield or barrier suppression occurs. For lithium, over-the barrier
ionization should already occur at intensity levels, when multiphoton ionization is still
the dominant ionization channel. According to Table 5.2, this is the case at a moder-
ate intensity of about 3·1012 W/cm2, corresponding to a Keldysh parameter of 5.3. The
MOT-target gives us the possibility, to mix in another species by excitation of the lithium
atoms from the ground state to the 22P3/2-state by shining in the MOT-lasers. Having
a zero-field ionization potential of only 3.54 eV, over-the-barrier ionization (OBI) sets in
at field strengths corresponding to γ=19.3, which means that an abrupt transition from
multiphoton to over-the-barrier ionization occurs.
It was pointed out by Delone et al. [Del98], that alkali atoms are ideal candidates for the
observation of OBI. Since the electron spectra of tunneling ionization and above-barrier
decay should be hard, if at all, to distinguish, the measurements should be performed
at γ ≫ 1, a condition that is easily fulfilled in our experiment. Thus, an superimposed
background of tunneling ionization, e.g. from ionization at the edge of the laser pulse, can
be excluded, and the contributions of OBI and multiphoton ionization to the ion yield can
be separated. There is, however, no general theory of over-the-barrier ionization in this
regime, which would predict an unique feature to identify over-the-barrier ionization as a
dominating process.
From the above, it is obvious, that the nature of the photoionization process is char-
acterised by three quantities: The properties of the light field are given by the photon
energy ~ω and the intensity I. The properties of the atom are determined through its
ionization potential IP. These are the quantities, that γ is composed of, which decides for
a given laser frequency ω, whether the atom ionizes predominantly by a multiphoton or
tunneling process. However, the over-the-barrier intensity introduces a discontinuity in
this description, as it provides a third ionization channel, which is to a first approximation
independent of the photon energy and solely depends on the field intensity. These rela-
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Figure 5.8: This plot demonstrates, that there is no universal scaling for the behaviour of atoms in intense
laser fields. The vertical dashed lines correspond to the photon energy of a 800 nm wavelength Ti:Sa laser
field.
tions can be combined in a diagram, devised by B. Feuerstein of MPI-K [Feu07], which
immediately shows, which regimes of ionization are accesible for a particular atom at a
particular photon energy.
In this diagram (Figure 5.8), the field intensity is scaled by the over-the-barrier intensity
(I˜=I/IOBI), and the photon energy is expressed in units of the ionization potential of
the species under consideration (ω˜=ω/IP). The consequence is, that there is no universal
behaviour for photoionization of atoms. If, for different atoms, intensity and photon en-
ergy are provided such, that the experimental situation corresponds to the same point in
5.8, each atomic species still has to be assigned an individual Keldysh parameter (green
lines). Equally, one could scale the intensity to that intensity, where γ=1 holds. Then an
universal γ=1-line and atom-specific over-the-barrier lines would emerge.
Ionization Dynamics
In order to provide further insight into the ionization dynamics and to estimate the ioniza-
tion probability for pulses with different peak intensities, Figure 5.9 shows the ionization
probability P (t0 → ∞) for atoms in the ground state and the excited state after a laser
pulse of 25 fs duration. The ionization probaility at a time t0 within the pulse is given by










Chapter 5. First results
Figure 5.9: Calculated total ionization probability for Li(2s) and Li(2p) at the end of a 25 fs FWHM
pulse, based on the multiphoton ionization cross sections from Table 5.3. At low intensities, ionization from
the 2p-state dominates. The ion yield saturates for both states around peak intensities 3–4·1012 W/cm2.
σn κn
Li(2s), N=4 5.4 · 10−111 cm8s3 1.39 · 10−36 W−4cm8s−1
Li(2p), N=3 1.6 · 10−79 cm6s2 1.03 · 10−23 W−3cm6s−1
Table 5.3: Generalized cross sections for multiphoton ionization by Ti:Sa radiation (1.56 eV photon energy,
800 nm wavelength) for the incident photon flux given in photons s−1 (σn) and Wcm
−2 (κn) [Mar07].
where N is the number of absorbed photons, κn the n-th order generalized cross section
and I(t) the temporal pulse profile. Some preliminary generalized ionization cross sections
for Li(2s) and Li(2p) for 1.56 eV photon energy (800 nm wavelength) were supplied by S.
Marmo from the group of N. L. Manakov from Voronezh State University, given in Table
5.3. These cross sections were calculated from lowest order perturbation theory and do
not account for intermediate and intensity dependent resonances, but can give an estimate
for the ionization yield from both states integrated over the whole pulse.
As displayed in Figure 5.9, three-photon ionization from the Li(2p) excited state exhibits
a higher ionization rate than the four-photon process from the Li(2s) ground state up
to the saturation intensity Isat, which in this context denotes the pulse peak intensity,
where ionization probability comes close to unity. It has to be noted, that this plot
extrapolates the validity of the generalized cross sections derived from a perturbation
theoretical treatment into intensity regimes, where this approach is not appropriate any
more.
For pulses with peak intensities beyond the saturation intensity (in the experiment, peak
intensities of up to 1016 W/cm2 have been applied), most of the ions and photoelectrons
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Figure 5.10: Fraction of atoms, that remain unionized, when the leading edge of the pulse reaches the
over-the-barrier intensity IOBI, calculated for a pulse length τ of 25 fs.
detected will be produced within the leading edge of the pulse and hardly any atom
will ever experience the nominal peak intensity. Furthermore, for intensities approaching
the respective over-the-barrier intensities, significant deviations from the predictions of
perturbation theory are to be expected, since the laser field cannot be viewed as a weak
modification of the atomic structure any more.
In Figure 5.10 the fraction of atoms that have withstood ionization within a pulse of 25 fs
duration at the time tOBI, where the over-the-barrier intensity IOBI is reached, is plotted
versus the peak intensity of the applied pulse. While the population of the excited state
has been almost completely depleted when the over-the-barrier intensity is reached, there
is a considerable fraction between 90 and 10% of ground state atoms, that will ionize at
intensities higher than IOBI. One can conclude, that the contribution of the excited state
to the observed spectra, will always have predominantly multiphoton character and any
high intensity features should arise from the ground state.
Focal Volume Averaging
Every experiment on ionization from a tightly focused Gaussian beam with a target of
similar extension automatically performs a weighted averaging over a broad range of peak
intensities, where the relative weights of the particular peak intensities are given by the
volume of the iso-intensity shells within the focal volume. This fact has to be taken into
account for correctly interpreting spectra taken at a particular laser intensity. Especially
numerical calculations can only reproduce observed spectra to a good degree, if momentum
distributions are calculated for many different peak intensities and the results are combined
accordingly [Mor07].
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Figure 5.11: Volume enclosed in an iso-intensity shell of peak intensity Imax/I0, calculated for a Gaussian
focus with dimensions as in the experiment, where I0 is the nominal peak intensity.
Perry et al. [Per88], [Lar98] give an analytical formula for the total volume enclosed by
an iso-intensity shell of intensity Imax (local peak intensity) for a Gaussian focus of waist
radius w0:
V (I > Imax) = V0(
2
9ξ







where I0 denotes the peak intensity of the laser pulse. Figure 5.11 demonstrates, that e.g.
for a peak intensity I0=10
14 W/cm2 the volume enclosing intensities between 1013 W/cm2
and 1012 W/cm2 range more than ten times larger than the one enclosing intensities larger
than Imax=10
13 W/cm2.
5.3 Results and Discussion
5.3.1 Ionization from the Ground State
This section presents results obtained on ionization of lithium from the 22S1/2 ground
state, when the MOT was operated in the switching mode. There are not too many spec-
tra available on pure ground state ionization, since the overall event rate in switching mode
is rather low compared to continuous operation and in order to collect enough statistics,
the measurements had to be run typically for several hours or over night.
These spectra provide a good starting point for the discussion, because they have a good
resolution and their principal structure is easily explained. For the case of pure multipho-
ton ionization, 4-photon ionization from the ground state should produce electrons with
an excess energy of 0.849 eV, corresponding to a recoil ion momentum of 0.25 a.u.. Since
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a) b)
d)c)
Figure 5.12: Longitudinal momentum spectra (p‖, along the laser polarization axis) for different peak
intensities for nominal peak intensities ranging from 1.6 ·1011 W/cm2 to 6 ·1013 W/cm2. The most notable
feature is the intensity dependence of the central zero momentum peak.
the electron emission preferably occurs along the direction of polarization, a momentum
distribution with two peaks (emission towards the detector and in the opposite direction)
appear, which should have a maximum close to ±0.25 a.u. (indicated by the red vertical
lines in Fig. 5.12) and a minimum at zero momentum. The detailed structure of the
spectrum is not trivial to describe, because the time-of-flight spectra are a projection of
the cylindrically symmetric momentum distribution onto the symmetry axis. However,
the peaks reproducibly appear at a longitudinal momentum of 0.17 a.u., as marked by
the black vertical lines. The four spectra presented in Figure 5.12 were taken at peak
intensities starting with 6·1011 W/cm2 in a) to 6·1013 W/cm2 in d), all except a) being
greater than the over-the barrier intensity IOBI. There is no noticeable shift of the peak
position towards lower momentum with increasing intensity that could indicate any pon-
deromotive shift of the continuum. The most prominent feature is a peak emerging at
zero momentum, which is not explained by a merging of the two 4-photon peaks, but has
a peak characteristic on its own, as spectrum d) clearly shows.
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5.3.2 Ionization from Ground- and Excited State
In the presence of excited states, i.e. when the trapping lasers are switched on during
the measurement, the 22P3/2 state is populated by a significant fraction of 20–40% of the
atoms. For the non-resonant case, multiphoton ionization occurs through absorption of
three photons, leading to an excess energy of 1.137 eV and a corresponding recoil momen-
tum of 0.29 a.u..
Therefore, the spectra consist of a superposition of ionization events from the ground state
and from the excited state. In continuous MOT mode, spectra for peak intensities up to
14.4 · 1015 W/cm2 have been taken. Figure 5.13 depicts a sequence of longitudinal mo-
mentum spectra, which shows that the central zero momentum peak still grows with the
peak intensity up to the 10 PW/cm2 intensity range.
This central maximum becomes more prominent with increasing peak intensity. In direct
comparison, the central maximum is more pronounced, when the target is exclusively pop-
ulated by ground state atoms. This was verified by increasing the detuning of the trapping
lasers, which leads to a drastic reduction of the excited state fraction in the target (Fig.
5.14). This confirms, that the central peak has its origin in ionization from the ground
state. Furthermore, it seems to be a high intensity phenomenon, since its weight still in-
creases with peak intensity in the PW/cm2 range, though this is far above the saturation
intensity. This observation can be understood, as according to the discussion on spatial
averaging in section 5.2, at these intensities a larger volume is exposed to the high peak
intensities needed to effectively ionize the ground state atoms. This model is further sup-
ported by the fact that the 4-photon peak increases its relative height as compared to the
3-photon peak as can be seen from the evolution of the spectra with peak intensity (Fig.
5.13 a)–e)). The superposition of the three-, four-photon and the zero momentum peak
most likely causes the apparent shift in the peak positions.
There is no notable broadening of the momentum spectrum to values beyond p‖=0.5 a.u.,
corresponding to an electron energy of 3.4 eV and at most 0.75 a.u. (7 eV). As the maxi-
mum drift momentum an ionized electron can acquire is 2Up (see equation) (1.14)), one can
infer, that few electrons are set free at instantaneous intensities greater than 5·1013 W/cm2.
5.3.3 Two-Dimensional Spectra
The left hand side of Figure 5.15 shows a two-dimensional momentum spectrum (transver-
sal momentum component py vs. longitudinal momentum p‖ (the spectrum is integrated
over the third cartesian coordinate), taken under field-free conditions, for ionization from
the ground state at an intensity of 6 · 1011 W/cm2, which exhibits a pronounced ring-like
structure. The inward shift of the 4-photon peak towards lower momenta than expected
is partly an effect of the projection of the data onto the longitudinal momentum axis.
The left of Fig. 5.15 displays the same data, but the range of integration along the axis
perpendicular to the paper plane is reduced to small momenta of |px| < 0.05 a.u.. If
the projection is likewise restricted along the other transversal momentum component,
150
5.3. Results and Discussion
Figure 5.13: Longitudinal momentum spectra (p‖, along the laser polarization axis) for different peak
intensities for nominal peak intensities ranging from 1.6 · 1011 W/cm2 to 9.6 · 1015 W/cm2. The black
vertical line marks the position, where the four-photon peak of the ground state (2s + 4γ) was found in
Fig. 5.12, the red ones the momentum associated with the (2s+4γ)-process, and the blue ones the expected
recoil momentum of direct ionization from the excited 2p state (0.29 a.u.). The value of γ refers to the
ionization potential of the 2p state. The shoulder on the right hand side of the peaks in spectra d), e) and
f ) beyond momenta of 0.5 a.u. originates from the low velocity fraction of thermal atoms from the lithium
beam used to load the trap passing through the focus. The atoms from the beam are well separated from
the trapped atoms by their velocity component along the longitudinal direction.
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Figure 5.14: Identification of the central peak as a feature emerging from the ground state Li(2s).
the four-photon peak is found at 0.20 a.u.. The residual shift of −0.05 a.u. from the
expected 0.25 a.u. remains unexplained, if one assumes direct four-photon ionization from
the ground state (see discussion in section 5.3.4). At this intensity it cannot be attributed













































Figure 5.15: Two-dimensional momentum spectrum for 4-photon ionization of ground state Li(2s) at an
intensity of 6 · 1011 W/cm2. The left density plot is a projection, the right one a so called cut as described
in the text. The colourbar maps the relative number of events per bin.
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Figure 5.16: Two-dimensional momentum spectra of ionization from the ground and excited state for
intensities of 1013 W/cm2 ( a) and b)) and 4.8 · 1015 W/cm2 ( c) and d)). The colourbar maps the relative
number of events per bin. a) and c) are projections, b) and d) are cuts as described in the text.
times higher. An error in the longitudinal momentum calibration can equally be excluded.
Figure 5.16 shows two datasets, where the central maximum becomes clearly apparent. It
is surprising to find, that the central maximum is rather extended along the perpendicular
direction. This indicates that the electron emission for electrons with near zero longitudi-
nal momentum should be preferably ejected perpendicular to the polarization axis. The
large width of the peaks along the transversal momentum axis is partly due to the limited
transversal resolution of ∆p⊥ ≈ 0.08 a.u. and the distortions induced by the magnetic
field on the transversal momentum components. The transversal momentum data are not
really suitable for a quantitative analysis, compared to the high resolution longitudinal
momentum spectra but can still give a hint on the overall structure of the momentum
distribution.
For future runs, measurements should be performed, where the polarization axis is aligned
perpendicular to the direction of extraction, to have a direct comparison of the resolution
along the spectrometer axis and perpendicular to it. Furthermore, the extraction voltage
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should be further reduced in order to cover more of the detectors active area and thus gain
in transversal resolution.
Nevertheless, all the spectra exhibit a peak for electrons emitted with near zero momen-
tum, at least in the longitudinal direction, which is confirmed in any representation of the
data.
5.3.4 Possible Mechanisms
From these findings, it is tempting, to attribute the zero momentum peak to an over-the-
barrier ionization process of the 2s state. According to equation (1.31), this ionization
channel should open at intensities higher than 3.38 · 1012 W/cm2. The evolution of the
spectra with intensity presented in Fig. 5.12 speaks in favour of this assumption.
Over-the-barrier ionization is usually discussed in the context of ionization of noble gases,
and the corresponding threshold intensities as given in Table 5.2 are in a range, where
the Keldysh-parameter γ is close to unity. Under these circumstances the over-the-barrier
process can be described as a natural extension to the picture of tunneling through the
barrier created by the superposition of the effective nuclear potential and the classical
electric laser field as presented in section 1.1.5. In the case of lithium, however, the over-
the-barrier intensity is reached for an intensity and Keldysh-parameter γ = 5.3, where the
multiphoton picture still applies. As stated before, it is not yet clear, what the character-
istics of over-the-barrier ionization in this regime are, but a deviation in the spectra from
the rather predictable pattern of the N -photon and ATI-peaks is likely.
Another ionization pathway to take into account, is so resonance-enhanced ionization
(also called REMPI). The high bandwidth of the laser field (a measured 50 THz FWHM
or 0.2 eV FWHM for 25 fs-pulses from the amplifier [Zro05]) and the broad range of in-
tensities covered within the laser pulse enables a number of possible m-photon resonances
during the pulse. These resonances lead to a population of various excited states, from
which the atom then ionizes. The present data lacks the dynamic range to identify at most
more than the first order ATI-peak or to resolve any side maxima enabling the identifica-
tion of high lying intermediate states (compare Fig. 1.6), but for the explanation of the
near-zero momentum peak one should take into consideration the possibility of a Freeman
resonance (section 1.1.4) with near zero electron energy.
Figure 5.17 depicts a simplified level scheme of lithium. The blue arrows represent in-
termediate resonances originating from the ground state. Even when neglecting any
intensity-dependent AC-Stark shifts (low intensity case), there is still a certain probability
of excitation to the 4p and 4f level by a three-photon transition (and the 3s level via a
two-photon transition) due to the bandwidth of the laser field. If one tentatively assumes,
that the 4p and the 4f level exhibit an AC-Stark shift almost equal to the ponderomotive
shift, Freeman resonances from these states at electron energies of Ee(4p)=0.69 eV and
Ee(4f)=0.71 eV (momenta p(4p)=0.22 and p(4f)=0.23 a.u.) should be observed. This
could partly explain, that the four-photon peak is generally found at lower momenta than
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Figure 5.17: Simplified level scheme of lithium. The red arrows represent the photon energy. The blue
and green arrows indicate possible resonances with intermediate states from the ground and the excited
state, respectively. The red numbers give the excess energy for the respective ionization process and the
associated ion/electron momentum.
the 0.25 a.u. from the direct 4-photon process from the ground state. The sensitive de-
pendence of the ionization rate on intermediate resonances was studied theoretically by
Tong et al. [Ton03] by the example of sodium in a 800 nm laser field for intensities be-
tween 1011 W/cm2 and 5 · 1011 W/cm2 for different pulse lengths. They found, that the
bandwidth of the laser field, which is inversely proportional to the pulse duration, can
change otherwise off-resonant m-photon transitions into near-resonant ones and lead to
an enhancement of the ionization rate.
Still the question has to be addressed, whether there exists a possibility for a zero energy
Freeman resonance. Two states are found, that are almost one photon energy below the
continuum threshold, namely the 3p and the 3d state with binding energies IP(3p)=3.83 eV
and IP(3d)=3.88 eV. If it is again assumed that these states have an AC-Stark shift close
to the ponderomotive value, and the (negative) intensity dependent shift of the ground
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Figure 5.18: Comparison between a calculated momentum spectrum a), and two measured ones with
parameters that come closest to the ones used in the calculation (b),c)). The colourbar gives the relative
number of events per bin.
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state is comparably small, then the 2s ground state could couple to the 3p state via three
photons, provided the AC-Stark is high enough. This requires a ponderomotive shift of
Up=0.85 eV, which leads to an estimated resonance intensity of 1.43 · 1013 W/cm2. This
estimated apperance intensity of the zero momentum peak for this mechanism is likely too
high to significantly contribute in the spectra, since once again the focal volume effect has
to be taken into account.
In order to identify the dominating ionization channels at the different intensities, a com-
parison of the experimental data with calculational results is often essential. For this pur-
pose, several groups are presently performing momentum resolved calculations on lithium
in intense laser fields, based on our experimental parameters. These include B. Najjari
and A. Voitkiv from our own group at MPI-K, Heidelberg who employ the strong field
approximation (SFA) [Rei94], D. Bauer, also from MPI-K, who is performing a numerical
solution of the time-dependent-Schro¨dinger equation (TDSE) [Bau06] within the single
active electron approximation (SAE). There, the atom is modeled as one electron in an
effective nuclear potential, which is chosen such, that it generates matching binding en-
ergies for the bound states of the active electron. Results on lithium obtained by solving
the TDSE will also be supplied by C. D. Lin from Kansas State University, Manhattan,
Kansas.
Virtually on finishing this thesis, first calculated spectra became available. We were pro-
vided with a calculated momentum spectrum for a 10 fs pulse with a peak intensity
5 · 1012W/cm2 by C. D. Lin, as presented in Fig. 5.18 a). The electron ejection in
the direction perpendicular to the polarization axis is reproduced and very pronounced.
For comparison, Fig. 5.18 b) and c) depict two measured spectra taken under similar
conditions in the same representation. Though our spectra appear stretched along the
transversal momentum axis, what can be attributed to the low momentum resolution
along that direction, the overall structure is reproduced by the calculation and supports
the assumption that the electrons with near zero longitudinal momentum are ejected with
a finite momentum component into the perpendicular direction.
A possible explanation lies in the angular distribution of the photoelectrons. In general,
the angular distributions of multiphoton ionization are not easily predicted, even in the
case of relatively few photons needed to ionize, as intermediate resonances occuring within
the pulse can have a drastic influence [Pet84], [Gon75]. Exceptions are special cases like
Freeman resonances, where a Rydberg state with a particular angular momentum l is res-
onantly populated and ionizes by absorption of just one additional photon. The selection
rule for one-photon absorption from a linearly polarized light field ∆l = ±1; ∆m = 0
allows the identification of the Rydberg state by the angular distribution of the photo-
electrons, e.g. electrons ionized from a nd-state with l=2 emerge as a superposition of
a p- and a d-wave (l′ = l ± 1) [Rot90], [Sch98b], [Wie03]. In a first approximation, this
selection rule is applied N times for N -photon absorption. For example in the case of
lithium the ionized 2s-electron can reach the s, d and g-continua. For high intensities,
Chen et al. have derived an empirical rule from extensive TDSE calculations for different
atomic systems, wavelengths and peak intensities which relates the number of peaks in the
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two-dimensional spectra and thus the dominant angular momentum state of the outgoing
electrons to the number of photons needed to ionize [Che06]: For ionization from both the
2s and the 2p state, the dominant angular momentum quantum number should be l = 2,
leading to a d-wave with two nodes and three lobes in the angular distribution. This is in
agreement with our observations from ionization from the 2s state at high intensities (Fig.
5.18). One must be aware, that this rule was derived from calculations modeling systems
like Ar, He and H at laser intensities and wavelengths, that result in an Keldysh parameter
γ close to unity, i.e. far beyond the regime of multiphoton ionization and a perturbative
description of the system. Since in our measurements the third peak vanishes for low
intensities one might speculate about the following: Firstly, the rule does not apply in the
perturbative regime of pure multiphoton ionization, i.e. at low intensities. Secondly: For
higher intensities, when a perturbative treatment no longer applies, the validity of the rule
is restored. This might just be the case, when the over-the-barrier intensity is approached.
Still, the observed pronounced maximum perpendicular to the polarization axis is some-
what peculiar. Most published photoelectron angular distributions (measured as well as
calculated) show a marked forward characteristic, with only minor contributions by a
sidelobe at 90◦ [Hum85], [Rot90], [Sch98b], this being still the case for a low number of
absorbed photons [Wol88], [Nic92], [Dix81]. Petite et al. present a calculation for 4-photon
ionization of cesium, which reveals sidelobes at 90◦of almost the same strength as the for-
ward lobe for intensities of 1010 W/cm2 and of about 40% of the forward peak strength
for intensities of 6 · 1011 W/cm2, which are not fully reproduced by the corresponding
measurement [Pet84].
An upcoming focused measurement with improved resolution and further calculations will
bring more insight into this issue. D. Bauer is presently completing a comprehensive
dataset of calculations for different intensities, which can be analyzed for electron energy,
emission angle and the contribution of the different partial waves.
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The aim of this work was to create a unique apparatus for the investigation of atomic ion-
ization dynamics of lithium atoms and to perform first measurements, by combining two
state-of-the-art experimental techniques of contemporary atomic physics for the first time:
These are laser cooling and trapping of neutral atoms in the form of a magneto-optical
trap (MOT) on the one side, and multi-particle imaging techniques, namely reaction mi-
croscopes on the other side. While the reaction microscope delivers the capability of
measuring the full vector momenta of all charged fragments emerging from an ionization
reaction in coincidence, the magneto-optical trap provides an ultracold, well localized tar-
get in order to fully exploit the possible momentum resolution of the reaction microscope.
With this unique setup the three-electron ’model system’ lithium becomes available as a
target for kinematically complete measurements on atomic fragmentation by virtually all
kinds of projectile species, which include electrons, ions, intense laser pulses or high ener-
getic photons. This experimental versatility has so far been restricted to gaseous species
that can be prepared in a supersonic gas jet to produce an internally cold target, first of
all the noble gases.
In the course of this thesis, this complex and novel apparatus was planned, designed, as-
sembled and taken into operation. This required the use of forefront technologies from a
wide variety of fields: A newly designed vacuum chamber houses a compact combined elec-
tron and recoil-ion spectrometer in time-focusing geometry together with two time- and
position sensitive detectors for coincident ion- and electron detection and a set of water-
cooled intra-vacuum coils. The magneto-optical trap is now operated by a semiconductor-
based master oscillator - tapered amplifier configuration, which can deliver over 400 mW
of frequency-locked light to the experiment for operation of the magneto-optical trap.
A Zeeman slower delivers a slow atomic beam for fast and efficient loading of the trap.
To overcome the problem of the basic incompatibility between the electron spectrome-
ter’s homogeneous electron extraction field and the strong magnetic gradient needed for
magneto-optical trapping the trapping field can be rapidly ramped up and down within
400 µs to create field free conditions for data acquisiton at rates as high as 300 Hz.
Despite (or because) many problems and setbacks had to be mastered, the whole setup
finally demonstrates a superior reliability and ease of operation, which allows for trouble-
free data acquisition during long-term measurement campaigns. A MOT-target of several
107 lithium atoms with a peak density of 1010 atoms/cm3 and temperatures in the range
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of 500 µK is loaded within few seconds, and can be released and recaptured for over a
thousand experimental cycles before the trap population is reduced to 20% of its initial
value and the trap has to be loaded again. The trapping parameters and sequence tim-
ings are widely configurable by the experimental control system, which enables an on-line
optimization of the event rate and target properties. Background pressures of less than
5 · 10−11 mbar meet the requirements even of the demanding high intensity laser exper-
iments. Besides, in contrast to a supersonic gas jet, the target characteristics such as
density and temperature can be varied over a wide range and determined independently
any time by standard diagnostic means, to adapt the target to the requiremnets of the
respective experiment. In addition, the magneto-optical trap provides the unique capabil-
ity of further manipulation of the target atoms to prepare specific target states. Thus, an
unparalleled experimental setup is ready for operation, providing a new class of target for
the fully differential exploration of ionization reactions.
Upon completion of the setup, the first ever measurements on multiphoton ionization
of lithium atoms in intense laser fields, using pulses of 25 fs duration at 800 nm wave-
length from a Titanium:Sapphire ocillator-amplifier, were conducted. High resolution
recoil-ion momentum spectra were obtained for a broad range of intensities, spanning
from 1011 W/cm2 to 1016 W/cm2. While at lower intensities, structures as expected
for pure multiphoton ionization were observed, spectra taken at high intensities showed
surprising features, such as a pronounced electron ejection perpendicular to the laser’s
polarization axis at high intensities, which is not fully understood yet. Already in the first
measurements, the marked differences in the atomic structure of lithium as compared to
rare gas atoms became clearly apparent.
This in turn has also sparked the interest of theory groups in the issue of alkali metals in
intense laser fields, and several theoretical calculations are presently under way, of which
first results were presented in this thesis. As the data is still partly inconclusive due to
a lack in statistics, a next round of multiphoton ionization measurements will be started
soon with the aim to acquire comprehensive benchmark data for the calculations being
done. As these measurements have hardly utilized the full capabilities of this experiment,
this tellingly demonstrates the potential of our new setup and the possibilities for future
research.
Concerning the experimental side, there is always the proverbial room for improvement:
Presently, the ion spectrometer is being upgraded to a position focusing configuration, to
preserve the ion spectrometer resolution in the directions transversal to the ion extraction
field, when the reaction zone is somewhat extended. Thus one can still take full advantage
of the ultralow momentum scatter of the lithium cloud, when working with electron (or
ion) beams.
The laser system will also see a major upgrade in the near future: Optical fibers will be
used for the transport of the trapping laser light to the experimental chamber. Thus the
laser can be freed from its optical table and the whole apparatus is easily made trans-
160
Conclusion and Outlook
portable, guaranteeing the ultimate flexibility in the choice of projectile beam sources,
which extends to synchrotrons or the free electron laser (FEL) FLASH. Furthermore, the
installation of a transversal Doppler-cooling section at the exit of the atomic beam source
to enhance the flux of slow atoms through the MOT-region will boost the trap loading rate
by a factor of hundred, reducing the dead-time due to loading of the trap and increasing
the efficiency of data acquisition.
Among the experiments to be carried out in the near future are electron impact ionization
of angular momentum oriented excited lithium atoms [Dor98], making use of the possibil-
ity of target preparation the MOT offers . In the field of multiphoton ionization, an idea
is going to longer wavelengths up to 10 µm by means of an optical parametric amplifier
(OPA), at which, by means of the higher ponderomotive potential, probabilities are higher
to observe double ionization induced by the recollision mechanism.
With a fully transportable setup measurements at newest generation light sources like the
free electron laser FLASH with its unmatched flux of soft X-ray photons in Hamburg will
become possible. In a first campaign starting end of the year, the goal is to get a kine-
matically complete picture of single-photon induced double- and triple ionization, which
is a sensitive probe for inter-electronic correlations. In conjunction with the simple atomic
structure of lithium and the possibility of target state orientation the coherent soft X-ray
pulses of FLASH will enable unprecedented insight into the correlated electron dynamics
within the atom and in the three- and four-body Coulomb continuum.
The capabilities of our setup are not confined to the study of single atoms, as the sample
of ultracold atoms in combination with the implemented diagnostic means organically en-
ables to progress towards the exploration of collective phenomena.
One of the intriguing possibilities is the observation of ultracold neutral plasmas, formed
by photoionization of laser cooled atoms at photon energies close to ionization thresh-
old [Kil99]. This regime is of fundamental importance, as it allows for laboratory pro-
duction of strongly coupled plasmas, where the Coulombic interaction energy between the
particles EC exceeds their thermal energy ET , a condition that is otherwise only realized
in extreme astrophysical environments such as the interior of white dwarves or gas giant
planets, or as a transient state in solids and cluster targets upon irradiation with super-
intense laser pulses. Equilibrium in these systems is of particular interest, as it involves the
establishment of spatial correlations between particles and possibly Coulomb crystalliza-
tion if the coupling parameter G = EC/ET is large enough [Poh04]. However, the strong
coupling regime cannot be directly reached from the initial conditions provided by a MOT,
as the plasma is created in a completely uncorrelated state. The subsequent conversion of
potential into kinetic energy leads to a strong heating of both the electronic and ionic com-
ponent of the system, which suppresses the formation of substantial correlations [Kuz02].
Further laser cooling of the ions during expansion of the plasma has been suggested to
overcome this problem [Kil03], and molecular dynamics simulations seem to confirm the
applicability of this method [Poh04]. With our MOT-target, a completely new regime of
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ultracold strongly coupled plasmas becomes accessible: Owing to the extremely high pho-
ton fluence of the free-electron laser FLASH, already with the present specifications up to
106 trapped lithium atoms could be inner-shell ionized by 59 eV photons within a single
FEL pulse train (either directly or by excitation to Rydberg states and subsequent photo-
or field-ionization), thus creating an ultracold plasma of ’hollow’ Li+(1s2s 3S1)-ions. This
highly excited, metastable state has a radiative lifetime of τ ≈ 50 s [Kni80]. In analogy to
laser cooling of metastable helium, these ions are laser cooled via the (1s2s 3S1–1s2p
3P2)-
transition. The corresponding wavelength of 548 nm is easily provided by dye lasers. In
this way the first ion MOT and the first metastable, threefold inverted plasma – the inter-
nal excitation energy is larger than the Coulomb energy and, in the strong coupling-regime,
much larger than the thermal energy – could be realized. Apart from optical diagnosis
of the plasma, the intrinsic abiltiy of our setup to detect both electrons and ions can be
used to great advantage, enabling unprecedented studies of ultracold strongly correlated
plasmas and Coulomb crystallization.
Another path to explore starting from a magneto-optical trap is the wide field of atomic
quantum gases. We are presently considering the implementation of a deep optical dipole
trap [Gri00] for confinement of the laser cooled target atoms during the measurement
process in order to forbear a permanent switching of the trap’s magnetic field, thus fur-
ther enhancing the efficiency of data collection. By evaporative cooling such a conservative
atomic trap can provide lower target temperatures and higher densities than achievable
by laser cooling alone and opens the door to experimentation on atomic samples in the
quantum degenerate regime. The bosonic 7Li itself is not the ideal candidate for the pro-
duction of Bose-Einstein condensates, since the mean field interaction between the atoms
becomes attractive at low temperatures, effectively rendering condensates with atom num-
bers larger than a few thousand unstable [Bra95], [Bra97]. However, due to the presence of
the fermionic isotope 6Li in natural lithium, simultaneous cooling and trapping of bosonic
and fermionic lithium can be realized even by using the same laser source [Mew99]. Thus,
the bosonic 7Li could be employed as a sympathetic coolant for the fermionic population
on the way to Fermi degeneracy. So far, the interaction of atoms in the compound of
degenerate quantum gases with energetic projectiles and the response of the atomic col-
lective has remained largely unexplored. In a pioneering experiment, Ciampini et al. have
studied one- and two-photon ionization from a Bose gas of rubidium atoms in a magnetic
trap, where the effect of the produced cold charged particles on the condensate in terms of
heating and collective excitations was probed [Cia02]. In these systems, optical diagnos-
tics in conjunction with the capabilities of momentum resolved particle detection of the
reaction microscope could open up a completely new field of collisional physics.
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Appendix A: Atomic Units
Quantity Formula SI units
Mass me 9.10938 · 10−31 kg
Charge e 1.60218 · 10−19 C
Length a0 5.29177 · 10−11 m
Velocity v0 2.18769 · 106 m s−1
Time a0/v0 2.41888 · 10−17 s
Momentum mev0 1.99285 · 10−24 kg m s−1
Angular momentum ~ = a0mev0 1.05457 · 10−34 kg m2 s−1
Frequency v0/(2πa0) 6.57969 · 1015 Hz






0) 5.14221 · 1011 V m−1




2 3.50953 · 1016 W cm−2
Quantity Formula SI units Atomic units
Electron mass me 9.10938 · 10−31 kg 1
Elementary charge e 1.60218 · 10−19 C 1
Planck constant ~ 1.05457 · 10−34 kg m2 s−1 1
Proton mass mp 1.67262 · 10−27 kg 1836.15
Atomic mass unit amu = 112m(
12C) 1.66054 · 10−27 kg 1822.89
Velocity of light c 2.99792 · 108 m s−1 137.04
Influence constant ǫ0 8.85419 · 10−12 A s V−1 m−1 1/(4π)
Induction constant µ0 = 1/(c
2ǫ0) eπ · 10−7 V s A−1 m−1 4π/137.042
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Apendix B: Pictures from the Lab
Lithium-MOT of about 107 atoms floating in between the spectrometer electrodes. The
mirror in the background is for focusing the laser pulses.
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Appendix B: Pictures from the Lab
View of the experimental site. The lasers are hidden in the laser lab behind the wall.
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